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ABSTRACT 
This research on compression rolling of timber 
boards concentrates on the following aspects: 
1. Analysing the compression rolling process. 
2. Developing the instrumentation and the computerized 
data acquisition to acquire the parameters of 
compression rolling. 
3. Studying the effects of compression rolling on 
timber boards 
A theoretical model approaches the results of the 
experiment on compression rolling of timber boards. The 
surface and properties of timber boards are not obviously 
changed if the compression level is less than 10%, but 
are changed to a small degree when the compression level 
is increased from 10% to 17%%. There are splits and 
resin expellation on the surface of timber board when the 
compression level is more than 17%. The hardness on the 
surface of the timber boards is increased 4% at 15% 
compression level and 6.6% at 17% compression level. 
This thesis includes eight chapters. Its main 
contents are Chapter 3 -- theoretical analysis, Chapter 5 
application of instruments and the computer, Chapter 6 
experiment procedure, Chapter 7 
8 -- discussions and conclusions. 
results and Chapter 
v 
CHAPTER ONE: 
INTRODUCTION 
1.1 IMPROVEMENT IN THE PROPERTIES OF TIMBER 
Throughout recorded history, wood has been of 
enormous economic significance to the development and 
industrialization of nations. Gradually we have come to 
recognize that it is very important to improve the 
properties of wood and to use it more economically. Many 
scientists and workers are doing research in this field. 
This research is concentrated on improving the mechanical 
properties of wood, such as specific density, hardness, 
by compression rolling. There are opportunities for 
using the same technique to aid preservative treatments. 
with regard to preservative treatments, numerous 
methods, biological, chemical and mechanical, have been 
evaluated. Although many of these processes have had 
positive results, few have found commercial application. 
They include solvent seasoning (Ellwood and Ecklund,1963) 
and other chemical infusions to decrease sap-surface 
tension (Lantican, Cote, and Skaar,1965), biological pre-
treatments (Baueh, Liese, and Berndt, 1970), steaming 
(Kubinsky, 1971; Haslett and Kininmonth, 1975) and some 
mechanical techniques, such as incising (Banks, 1973, 
Perrin, 1978) and compression rolling (Goulet and 
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Cech,1967). 
compression rolling, which has been the subject of 
a series of investigations over 20 years, is one 
mechanical process which offers the prospect of improving 
wood characteristics. 
1.2 THE DEFINITION AND ORIGIN OF COMPRESSION ROLLING 
The compression rolling of wood is a mechanical 
and physical process. According to published literature, 
the process, known as dynamic transverse compression 
rolling, originated and was developed in Canada (Goulet 
1968). This technique involves feeding sawn timber 
boards through a pair of contra-rotating rollers. The 
control parameters of the compression rolling machine are 
the diameter of the rollers, feed speed and compression 
level, which depends on the gap between the rollers. 
The initial research results using hardwood 
species (yellow birch) seemed to indicate that a 
hydraulic and mechanic combination during rolling induced 
pit membranes to rupture without causing damage to the 
cell wall itself. The timber appeared to be opened up for 
fluid flow, without a significant concomitant loss in 
mechanical strength (Goulet, Cech and Huffman, 1968; Cech 
and Huffman, 1970; Cech, 1971). Goulet (1968) claimed 
savings in the order of 60% in drying of yellow birth 
after compression rolling. Since Goulet (1968), most 
research conclusions have been less optimistic. 
Subsequent application of the process to several slow 
drying hardwoods did not produce the expected improvement 
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in drying behaviour. Thus the original claims of Goulet 
(1968) have yet to be broadly verified. 
The research on compression rolling can follow one 
of two general themes. 
1.3 The application of compression rolling to improve of 
the properties of wood and increase of treatability of 
timber. 
1.4 The study on the theory of compression rolling 
The first approach is interested in the effects of 
compression rolling on physical and mechanical properties 
and on the treatability of wood, such as drying time and 
quality, the variance of preservative uptake and 
penetration etc •• The second one concentrates on the 
compression rolling process itself. It seeks to explain 
the basic changes of wood structure during compression 
rolling and to explore the reasons for the change in the 
properties of wood. The latter approach will be used in 
the project. 
1.5 AIMS AND TASKS OF THE RESEARCH 
This research is based on a previous project (H. 
Helge Gunzerodt 1985). The present study is concerned 
with computerized data acquisition during the 
compression rolling process, in an attempt to understand 
the deformation of wood and the change of physical 
properties during compression rolling. 
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The aims and tasks of the research were developed 
as follows: 
1.6 Installation and application of the 
instrumentation 
The dynamometer elements was designed and 
installed on the compression rolling machine in order to 
measure load, torque and speed during compression 
rOlling. 
1.7 The application of the computer in the 
experimental process. 
A microcomputer and analog-to digital converter 
were used to guarantee accurate data acquisition and 
processing. 
1.8 The study of the mathematical and mechanical model 
during compression rolling. 
A understanding of the mechanism required a 
knowledge of the following parameters during rolling: 
1.9 Compression level 
1.10 Feed speed 
1.11 Roller diameter 
1.12 Timber characteristics and their interactions 
with one another. 
1.13 Experiments and results 
The aim was to establish the factors which 
determine an effective compression rolling process and to 
determine the optimum operating parameters, in order to 
design and utilize compression rolling as a possible 
commercial operation. 
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CHAPTER TWO; 
LITERATURE REVIEW 
2.1 LITERATURE ON COMPRESSION ROLLING PROCESS 
There is only a limited literature on the process 
of rolling of timber and very little attention has been 
given to the analysis of the compression and 
decompression cycle. Previous researches have simply 
stated that timber boards subjected to such a dynamic 
loading process behave in a different manner to other 
materials, such 'as metals or plastics. Although theories 
concerning the behaviour of these materials during 
rolling cannot be directly applied to timber, the 
principles developed for other materials are still worth 
examine. 
Wusatowski has described systematically the 
principles of compression rolling of metals (Wusatowski 
1969, Chapter 3.3). 
It assumes that the process of rolling induces 
strain across the entire cross-section under compression 
rolling. The stresses in the various cross sections in 
the area of plastic deformation are different due in part 
to non uniform speed conditions in the compressed 
material (Figure 2.2): the metal accelerates while 
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passing between the rollers. The following simplifying 
assumptions are made in order to derive slip theories for 
metal during rolling. 
11. = C oe f f i c i en t 
for uniform 
def orma tion 
11 x K(f) = constrained 
yield stress 
(yield stress 
in compression 
or' friction-
less rolling 
Elastic disturbance zones 
Stressless lone Work hardened zonej 
Figure 2.1 Scheme of compression cycle during cold metal 
rolling (According to Wusatowski, 1969, Pg.208) 
1. Plane and perpendicular cross-sections of the 
initial stock remain also plane and perpendicular 
after rolling. 
2. The rolled stock does not spread sideways in 
rolling. 
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3. The coefficient of friction between roll and surface 
of rolled stock is constant at every point along the 
V(r) = Peripheral speed of rolls (m/s) 
Vip) = VCr) x cos 0 
veAl = V-(r) K cos ¢A 
V(B) = Vir) x cos ¢B 
V(Am)= Mean speed of stock in cross section AA 
V(Bm)= Mean speed of stock in cross section BB 
AA,BB= Arbitrarily chosen planes one on each side of the 
neu tra 1 plane 
b = Unit width 
2Y (A) = Height of rolled stock before 
2Y(B)= Height of rolled stock after 
ViS) = Volume per second of rolled stock 
= 2 x Yep) x cos 0 
V(Am) < ViA) 
V(Bm) > V(B) 
Figure 2.2 Speed distribution of metal flow along Its cross 
section (According to Yusatowski, 1969, Pg.209) 
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arc of contact. 
4. The constrained yield stress is constant along the 
arc of contact. 
5. The rolled material is homogeneous. 
6. Rollers are rigid and are not deformed during 
rolling. 
7. stress is acting on each cubic element of any cross 
section between the rollers. 
When analysing the process of compression rolling 
of timber board, some of these assumptions above-
mentioned may be applied with some modification. In 
discussing the compression rolling process, Gunzerodt 
came to the following conclusions: 
II The deformation of wood during rolling is very 
different to that observed with metals, because of wood's 
elastic and visco-elastic properties described 
previously. Also there is a volume change of the body 
when rolling wood, which does not occur with metals." 
The following factors make the model derived for 
metal rolling inapplicable to timber, since elasto-
plastic materials (timber represents such a material) 
behave differently when subjected to the multiaxial 
forces during compression rolling (Gunzerodt, 1985). 
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1. Constant volume may not be assumed. 
2. Wood does not accelerate through the rollers as it 
is inextensible to a first approximation in the 
longitudinal direction and fibres are orientated 
parallel to the feed direction. 
3. The rolled material is inhomogeneous and anisotropic 
in its three main directions. 
4. Elastic deformation is substantially larger than 
plastic deformation. 
5. The constrained yield stress across the thickness of 
the sample and along the arc of contact varies, 
because of the phenomenon of short term surface 
densification. 
6. There are localized density variations in the wood 
with corresponding fluctuation in MOE, hence the 
strain is not uniformly distributed. 
Furthermore, one of the main differences in the 
behaviour of a plastic or ductile material lies in the 
recovery phase of elasto-plastic materials. Timber must 
be regarded as a material displaying plastic and elastic 
characteristics. The proportion of visco-elastic 
recovery in the total recovery is a function of the 
loading rate. An increase in speed of loading leads not 
only to higher overall strength values (Kollmann, 1967), 
but also an increase in the proportion of elastic to 
visco-elastic recovery (Kollmann, 1961). The effects of 
loading rate on the instantaneous recovery are 
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Figure 2.3 Effects of loading time and compression level on 
instantaneous recovery of timber compressed 
perpendicular to the grain (According to Gunzerodt, 
1985) 
Data for Nothofagus (Gunzerodt): 
Data for Picea (Kollmann): 
Data for Populus (Koch): ..!... • • 
Extrapolated Data: 
1961), Populus tremuloides (Koch, 1964) and Nothofagus 
fusca (Gunzerodt, 1985). 
( min, ) 
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Figure 2.3 illustrates the relationship between 
load duration and instantaneous recovery as a function of 
the compression level. In the course of compression 
rolling experiments, the complete loading cycle never 
exceeds 3 seconds, depending on the feed speed and the 
roller diameter and would typically be of the order of 
0.2 to 0.02 seconds. Typically, after dynamic 
compression to 85% of its original thickness the wood 
will recover to 98.5%. In other words only 10% of the 
dynamic compression is not recoverable (Cech, 1971). 
Thus, in the analysis of rolling of wood, Gunzerodt 
assumed that creep deformation can be neglected and that 
the cellwall matrix behaves as a perfect elastic 
material. 
Previous studies (Gunzerodt, 1985 and Gunzerodt 
eta at., 1988) on the process of compression rolling of 
timber indicate that the particular distribution of the 
total deformation is restricted to the regions in 
immediate contact with the surface of the rollers. The 
concentrated deformation in the upper and lower surface 
of the timber board can be described as a surface 
phenomenon. This has been observed during wood deforming 
processes under static loading conditions (Kollmann, 
1959; Doyle, 1980) and under dynamic loading processes 
(Johnston and st Laurent, 1978; Peters and Zenk, 1968; 
Grosditz,1979i Cech, 1972 and Gunzerodt, 1985). 
The moisture content of the timber board has a 
significant influence on the compression rolling process. 
The results of the experiments have revealed that: 
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High saturation level reduces the compressibility 
of the cell voids and fracture occurs in areas of 
stress concentration (Haslett and Kininmonth, 1975; 
Gunzerodt, 1985). 
On the other hand, when the moisture content of the 
timber board is below fibre saturation, the cell 
voids are more compressible and same levels of 
compression as applied to the highly saturated 
samples do not increase the intra-cellular pressure 
during rolling to the same extent. 
2.2 LITERATURE CONCERNED WITH EFFECT OF COMPRESSION 
ROLLING OF THE TIMBER BOARDS 
Compression rolling as a mechanical approach to 
overcome the resistance of impermeable timbers to 
moisture movement, either during drying or during 
preservative treatments, was developed in Canada (Goulet, 
1968). The process, known as dynamic transverse 
compression rolling, had significant influence on the 
drying characteristics and permeability of species, which 
had been subjected to the rolling process. 
Goulet (1968) supposed that during the compression 
cycle, damage is induced in the tissue at the microscopic 
level which has a positive influence on the subsequent 
drying characteristics and on the treatability of the 
timber. It was postulated that a combination of 
hydraulically and mechanically induced stresses ruptured 
pit membranes without causing sUbstantial damage to the 
cell-wall itself. Cech's studies indicated that the pit 
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apertures were deformed due to the compression treatment, 
but no actual evidence of wall failure could be found. 
Thus, it was believed that opening up the wood structure 
to fluids during compression rolling does not produce 
significant concomitant losses in mechanical strength 
(Goulet, eech and Huffman, 1968; eech and Huffman, 1970 
and eech, 1971). 
The previous researches on compression rolling of 
the timber mainly concentrated on the following two 
aspects: 
(1). Effect on the drying of timber. 
(2). Effect on the treatability of timber. 
These studies have been undertaken by a number of 
workers, but the results vary. In summarizing the 
research, the following observations indicate why there 
are still doubts about the effectiveness and use of 
compression rolling, despite claims of very sUbstantial 
improvements in both drying rate and timber quality after 
drying (Gunzerodt 1985). 
1. These studies have been primarily concerned with the 
drying of hardwood. 
2. only hardwoods have been investigated for the 
influence of compression rolling on drying in most 
cases. 
3. The technique has been almost always applied to 
fresh material. 
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4. There are contradictions in the published literature 
regarding the degree of acceleration in drying even 
for a single species, such as yellow birch (Goulet 
1968, Goulet and Cech 1968, Cech 1971). 
5. Disagreement exists regarding the effect of 
compression rolling on drying when differing drying 
schedules are applied (especially concerning the 
effects of high-temperature schedules). 
6. The process proved to be unsuitable for more 
impermeable timber species such as New Zealand 
native beeches, Nothofagus fusca and Nothofagus 
truncata (Haslett and Kininmonth, 1975) partly 
contradicting an earlier study on drying (eech, 
1871), which had indicated that compression rolling 
could have a more pronounced effect on less 
permeable wood. 
7. In most of the investigations only limited emphasis 
was placed on specific asp'ects of machine design and 
on the various process related parameters, such as 
feed speed, roller diameter and temperature. 
Gunzerodt summarized comprehensively the effects of 
compression rolling on the treatability and drying 
of timber (Table 2.1). 
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Even though all of the studies on compression 
rolling of timber are basically concentrated on the 
effects of compression rolling on both drying rate and 
treatability, there is some literature dealing with 
prospect development and profits on compression. 
Implication on surface densification of wood: 
Tarkow and Seborg (1968) undertook research on surface 
/1 
LEGEND: 
A PANEL 
8 HEATED SHOES 
C WATEFr-COOLED SHOES 
D SEP.4RATlON-DELl'S (SPECt,.1L ALLOY) 
Figure 2.4 Equipment for continuously densifying the surface 
region of wood (According to Tarkow and Seborg. 
1968) 
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densification of wood in 1968. They used a pair of 
endless special alloy belts driven by the rollers to 
press the solid wood panel. Movinq at lineal speeds up 
to 25 feet per minute, the panel was subjected to a short 
period of intense heat and pressure and followed by a 
quick cooling while still under pressure (Figure 2.4). 
:... 
h.. 
~ 
~ 
\!J 
~ ~ Gj 
~ 
1.20 
1.0.0. 
0..80 
0..60. 
0..40. 
REDWo.o.D - SAPWo.o.D.---"" "- o 
0.20. 
0..0.0.--
o 
j_LL--·'------L---.l----.J 
0.0.4 0.0.8 0..12 0.15 
DEPTH FRDM SURFACE (INCHES) 
Figure 2.5 Specific gravity gradient of' surface-densified wood 
(According to Tarkow and Seborg, 1968) 
The experiment results indicated: 
The maximum specific gravity of the maple which 
occurred 0~04 inch from the surface, was slightly 
more than 1.0. The maximum specific gravity for 
redwood occurred within the first 0.01 inch and 
decreased to the normal value at about 0.10 inch 
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from the surface (Figure 2.5) 
The abrasion resistance of wood increased at least 
15 'times with doubling of the density. The abrasion 
resistance of the surface-densified redwood is probably 
greater than that of normal hard maple. 
There are differences between the research on 
surface densification of wood (Tarkow and Seborg, 1968) 
and studies on compression rolling of timber (Goulet and 
eech, 1967; Goulet, 1968; eech and Goulet, 1968; eech, 
1971; eech and Pfaff, 1975, etc.), such as, different 
feed speed (compression rolling with higher speed), 
different processing temperature (compression rolling 
with normal temperature, surface densification with high 
temperature) and different type of compression. Even 
though there are some differences between the treatments 
of surface densification of wood and compression rolling, 
there are surface compression deformation in both case 
(Tarkow and Seborg, 1968 and Gu~zerodt, 1985). They 
might be the cause to produce a certain surface 
densification. 
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Tabil.e 2.1 (1) Effects 0f compre's5ion rolling on sawn tilr.ber of' softwood 
.... 
co 
----------------------------------~--------------------------------------------------------------------------------------
Botanical 
Name 
Common 
Name 
Density 
3 
(kg/m ) 
Wood 
maturity 
Grain or-
i en ta tion 
Moi sture 
cont. (%) 
Abies 
aiiiaG'Tlis 
Silver 
fir 
Picea 
graliCa 
Eastern 
w.spruce 
430 430 
lieart- Heart-
wood wood 
Not Flat-
consid. sawn 
28 - 50 28 - 50 
EFFECTS OF COMPRESS ION ROLLING ON Sl>.I'lN TIMBER 
Picea 
CjT"aUCa 
Eastern 
w.spruce. 
430 
Ileart-
wood 
Flat-
sawn 
38.6 
GYNNOSPERHEAE - SOFTWOODS 
Picea 
9 lauca 
Eastern 
w.spruce. 
430 
Iieart-
wood 
Flat-
Sawn 
20 
pi nus 
C'Oil'to r t a 
Lodgepole 
pine 
400 
Heart-
wood 
Not 
consid. 
28 - 50 
P lnus 
raffita 
Rad ia ta 
pine 
400 
Sap-
wood 
Flat-
sawn 
Pinus 
:stro6us 
Eastern 
w.pine 
380 
Heart-
wood 
Flat-
sawn 
Dry,Redr.1 50 -70 
Pseudots. 
menziesii 
Douglas 
fir 
500 
Heart-
wood 
Not 
. consid. 
28 - 50 
Pseudots. 
. . " menZieSll 
Douglas 
fir 
SOO 
lieart-
wood 
Flat-
quarter 
A
suga 
eteroph. 
Western 
Hemlock 
----------
460 
----------
Heart-
Sapwood 
----------
Not 
consid . 
28 - 50 
Permea- I Resist. 
bility 
Resist. I Resist. I Resist. I Resist. I permeablel Mod:rate I Resist. I Resist. Hod:rate 
resist. resist. 
Process Creosote 
(Dr.,Tr.) CCl>. 
Roller I 152.4 
She (mm) 
Feed Speed I 253.) 
(mm/s) 
Opt. Compr. 
( .. ) 
Resul ts 
and 
Observa-
tions 
Authors 
and Da te 
country 
Remarks 
10 
CCA 
up tak e 
s1 gn if . 
on faces. 
(no edge-
penetra-
tion) • 
EW :> LW 
Satis fac-
tory 
treatment 
Cooper 
1973 
Cana da 
Deta Bed 
Reference 
Apparent 
cor rela-
tion: per-
meability 
and den-
sity. 
Influence 
of intra-
specific 
variabi-
Ii ty. no 
explana-
tion of 
mechanism 
Creosote I Creosote I CCA Creosote 
CCA CCA 
IS 2.4 I 114.3 I 114. 3 I lS 2 .4 
2S).3 I 253.3 I 253.3 I 253.3 
10 
Creosote 
up take 
improved. 
Face pe-
netra tion 
improved. 
LN:>EW 
Inadequat 
tre atmen t 
with CCA 
Cooper 
1973 
Canada 
Deta iled 
Rf, poin ts 
out 
problems 
if CL>15% 
I nd i ca tes 
role of 
axial 
permeabi-
lity 
15 
Increase 
Pen.58 % 
Ret,62 % 
upt. only 
surfacial 
(no edge) 
sign if l-
cant 
re ten tion 
Cech et 
all 1972 
Canada 
Deta il ed 
Reference 
notes ro-
le of un-
aspira ted 
LW pi ts 
respons i-
ble for 
good LW-
permeabi-
li ty. 
Sugges ted 
rolli ng 
at 20%MC. 
No expla-
na t ions 
12.5 - I 10 
17.5 
3.5x 
i ncrea se 
in radial 
penetra-
tion,4.5x 
in tang. 
direction 
Uptake is 
a sur face 
phenomena 
Cech et 
all 1974 
Canada 
Detailed 
Reference 
Indicates 
dispro-
par tion 
of CCA. 
Increased 
re ten t ion 
at lower 
MC. 
Problems 
if CL> 15% 
No expla-
na tion of 
mechanism 
Improved 
creosote 
face pe-
ne tra tion 
CCA upta-
uptake 
not 
improved 
LW > EW 
Cooper 
1973 
Cana da 
Deta iled 
Rf, (see 
col. 2) Low 
treatment 
due to 
narrow 
LW layers 
No expla-
na tions 
of 
mechanism 
Dry i ng 
II'l'-Dry ing 
? 
140.0 
10 - 20 
Slight 
reduction 
in check s 
when 
roll ed 
green.Not 
eff ec ti ve 
when dry 
rolled 
Berni et 
all 1979 
Australia 
Checking 
when 
redry ing 
trea ted 
P. radiata 
cannot be 
preven tt!d 
No expla-
na tions 
of mecha-
nisms. 
Very 
limited 
infos 
? 
114.3 
2S3.3 
8 - 12 
Compres-
sion 
surface 
phenomena 
leads to 
stretch-
of pit 
membranes 
Grozdits 
e.a. 1981 
Canada 
No Data 
about 
experim. 
methods. 
Cone 1u-
slons 
based on 
unpubl. 
da ta 
Creosote 
CCI\. 
IS 2.4 
253.3 
10 
Improved 
creosote 
retention 
Face pe-
netra t ion 
increased 
coll apse 
at CL:>lS% 
Uptake of 
CCl>. not 
improved 
Cooper 
1973 
Canada 
Very low 
uptake 
only on 
surface 
ind ica tes 
tha t LI>l 
pr ov ides 
pa thways. 
this cau" 
ses low 
permcbi-
lity(see 
column 2) 
CCA 
? 
? 
15 
uptake 
improved 
400 % in 
fla tsawn 
boa rds 
due to 
damaged 
pit 
membranes 
Nicholas 
1973 
USA. 
Conc lu-
sion 
based on 
unpubli-
shed data 
Very in-
comple te 
and short 
Cr eosote 
CCA 
IS 2.4 
--------,-
253.3 
--,,--------
10 
CreosO te 
uptake 
impro-...ed, 
subs tan t. 
on faces. 
Bigh com-
pression 
leads to 
coll apse 
Cooper 
197 ) 
Canada 
LH:>EW,uni 
form pe-. 
netration 
pattern. 
De ta i led 
report 
(see co-
lumn 2 ) 
_________ - .... __________ ..... __________ .... ______ ____ A. __________ .... __________ .L _ .,-,_.._ ______ _ 
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Tabae 2.1 (2) Effects of c~presaion rolling on sawn timber of hardwood 
,,-----------------------------------------------------------------------------------------------------~--------
EFFEc'rs or~ COMP RESS ION ROLL ING ON SAliN TI MBER 
--------------------------------------------------------------------------------------------------------------
ANGIOSPE~EAE - HARDWOODS 
Botanical 
Name 
Cammon 
Name 
Acer 
SaCChar. 
Hard 
maple 
Betula 
all eghan. 
Yellow 
birch sp. 
Betula 
papyrif. 
White 
bi rch 
Euca1yE!.: 
obli qU!! 
Messmate 
s tr ingyb. 
~£ali:pt. 
~gnans 
[<Iou n ta in 
ash 
Density 610 640 540 490 700 
3 
(kg/m ) 
Wood Heart- Heart- Heart- Heart- Ifeart-
matur i ty ... ·ood wood wood wood wood 
Grain or- Flat- Flat- Flat- ? Not 
ientation sawn sawn sawn consid. 
Nathof a9. 
lusca 
Red 
Beech 
530 
Heart-
wood 
Flat-
sawn 
Notho! a9. 
trilncata 
Hard 
Beech 
600 
lieart-
wood 
Not 
consid. 
Populus 
t remuloi. 
Trembli n9 
aspen 
450 
? 
Flat-
sawn 
~uerclls 
r lib r a 
South. 
red oak 
650 
Heart-
wood 
Flat-
sawn 
~ I-----------~----------;----------~----------+---------_.~ __________ . __________ . __________ + __________ ~ ______ ----
\0 
Moisture 
con t. (% l 
G r e en I G r e en I G r e en G r e en G r e en G r e en G r e en I G r e en G c: e en 
113.2 110 87.9 85.3 80 
Permea-
bility 
Permeable' M.oder. ~Ioder. Very Very Very 'Resist.' Resistant' Resist. 
Resist. Resist. resist. resist. resist. 
Process I Drying I Drying I Drying I Drying I Drying I Drying I Drying I Drying I Drying 
(Dr. I 'I'r. ) 
Roller I 114.3 I 114.3 I 114.3 '50 ?, 50 150 I 114.3 I 114.3 
Size (mm) 
Feed Speed' 253.3 
(mm/s) 
Opt.Campr.1 B - 12 
( \ ) 
Resul ts 
and 
Observa-
tions 
Hoderate 
improve-
ment of 
depth of 
deforma-
tion 
during 
rolling 
253.3 
8.5 -
12.5 
Possible 
to dry 
at high 
tempera t. 
slight 
reduction 
. dry i ng 
time 
253.3 
B - 12 
Deep dis-
tribution 
of defor-
mation in 
board. 
Pits da-
maged due 
to sma 11 
size 
16.4 
10 
No improv 
on drying 
time nor 
influence 
on 
shrinkage 
? 16.4 
? 10 
-------\----
No impro-
vement 
on drying 
S ever e 
check s in 
25\ of 
boards,no 
decrease 
in drying 
time 
16.4 
10 
Severe 
checks in 
75\ of 
bds I no de 
crease in 
drying 
time 
253. 3 253.3 
8 - 12 7.5 
. _.------. ----
No drying 
improve-
ment.Pit 
membrane 
stretched 
no· spll ts 
S light de 
crease in 
drying 
time I no t 
of 
economic 
signific. 
-----------.----------4----------+---------------------.----------~ __________ .. __________ . __________ ~ _______ ---
Grozdits 1 Cech et Author (s) 
and Date 
country 
Grozdits 
e. a. 1981 
USA 
Cech 
1971 
Canada 
Grosditz Haslett 
1981 e.a. 1975 
USA I N. Z. 
Campbell 
1978 
Haslett 
e.a. 1975 
Australia' N.Z. 
Haslett 
e.a. 1975 
N.Z. 
1981 all 1975 
---------- ----------
USA Canada 
-----------~----------+----------.---------------------I~----------.----------+----------+----------~----------
Remarks Lacks de-
tail ed 
da ta. 
I nd i ca tes 
damage to 
pits 
improves 
drying 
through 
d iftusion 
21 % in-
crease in 
diffusion 
Evidence 
of shear 
and hy-
draulic 
pressure 
may 
rupture 
pit mem-
branes 
Lack s de-
ta i led 
data.pit 
rupture 
accounts 
for high 
vapor 
diffusion 
Conc1us. 
do not 
convince 
Process 
not 
eft ec tive 
Machine 
not up to 
s tanda rd 
Lacks de-
tailed 
da ta. 
~Iain 
emphasis 
on other 
issues 
Highly 
saturated 
boa rds 
may 
explain 
damage. 
Machine 
not 
adequate 
Limited 
emp has is 
on 
rolling 
due to 
restrict. 
machine 
capacity 
SUe tched 
p it mem-
branes 
not con-
vincingly 
interpre-
ted.Very 
Ii mi ted 
da ta. 
Lacks 
de ta i led 
da ta. 
Main 
emphasis 
on other 
issues 
-----------~----------~----------.--------------------------------~----------~---------- .. *--------_._---------
CHAPTBR THREB: 
ANALYSIS OF COMPRBSSION BOLLING PROCBSS 
3.1 BASIC ASSUMPTIONS AND INfLUBNCB FACTORS OF 
COMPRBSSION ROLLING 
Because of its natural origin, the physical 
properties of timber exhibit a wide degree of 
variability. These variations are in part the result of 
the growth conditions of timber brought about by 
environmental factors such as climate, soils, water 
supply, available nutriments, etc •• In addition, many 
properties of timber are in part heritable; consequently, 
a sUbstantial portion of the natural variability of 
timber can be attributed to differences in genetic stock. 
The physical properties of timber are further 
complicated by its complex internal structure, which 
gives rise to anisotropic behaviour. In addition to 
natural variability and anisotropy, timber is also porous 
and inhomogeneous. Because of the inhomogeneity of 
timber, there is a wide range of variability in density, 
strength properties, moisture content, hardness and 
frictional behaviour. 
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In order to simplify the analysis of a compression 
rolling process, the following basic assumptions have 
been made: 
1. The width of timber boards remains constant during 
compression rolling. 
2. The timber boards are homogeneous and of uniform 
density and strength properties. 
3. Only a small plastic deformation occurs in the 
timber boards during rolling. 
4. The rate of elastic recovery of the timber boards 
is invariant. 
5. The elastic deformation of the timber boards is far 
greater than plastic deformation during compression 
rolling. 
6. The coefficient of friction between the rollers and 
the timber boards is constant during compression 
rolling. 
7. Both compression rollers are active rollers and 
have equal diameter and peripheral speed. 
8. The compression rollers are rigid and are not 
deformed during compression rolling. 
9. The weight of the timber boards is negligible. 
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3.2 SYMBOLS AND DEFINITIONS 
h height of the timber board in any point during 
rolling. 
b width of the timber board 
D diameter of the compression roller 
hI height of the timber board before compression 
rolling 
h2 minimum height of the timber board during rolling 
dh absolute compression dimension (dh=h1-h2) 
C compression level ( % ) 
a normal stress 
L load 
E elastic modulus 
a bite angle: the angle between the initial contact 
point and the minimum height point of the timber 
board 
V peripheral speed of the rollers 
K a constant which is a factor concerned with modulus 
of elasticity 
H hardness of timber 
R radius of the roller 
t the projection length of AC contact arc on the 
horizontal plane (refer Figure 3.1) 
r the rolling angle 
~ shear force 
P normal force 
f1 coefficient of slip friction 
e angle of friction 
Rh compression deformation of timber in radial 
direction 
22 
Pi force on a small area of the contact arc 
m the feed speed factor 
n the hardness factor 
f2 coefficient of friction during rolling 
z the distance between the centre of the normal force 
and geometric symmetric centre of the contact arc 
~i a shear force on a small area of the contact arc 
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3.3 MATHEMATICAL RELATIONS ON COMPRESSION ROLLING 
Figure 3.1 represents schematically the dynamic 
... V 
Figure 3.1 The Dynamic compression Rolling of Wood 
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transverse compression rolling process of timber. 
According to Figure 3.1, the absolute compression 
value of timber board is: 
where h1 is height of the timber board before 
compression rolling 
h2 is minimum height of the timber board during 
rolling 
thus, relative compression value of timber boards is 
defined as: 
(3.2) 
where C is also called compression level 
From Figure 3.1, the basic formulae can be derived: 
(D/2)xcosa = D/2-(h1 - h2)/2 
and transposing 
1-cosa = (h1 - h2)/D 
Hence the formula for calculating the angle of bite is 
found 
where 
COSa = 1-dh/D (3.3) 
a is the angle of bite which is one of the most 
important factors on compression rolling 
D is the diameter of the rollers 
Furthermore, from Figure 3.1 
t 2 = OA2 - OD2 
that is, t 2 = R2 - (R-dh/2)2 
hence, t =(dh x R - (dh/2)2)1/2 (3.4) 
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and neglecting higher-order term 
t ~ (dh x R)1/2 (3.5) 
From the simplified equation (3.5), the following formula 
can be deduced, 
SINa = t/R ~ (dh x R)1/2/R=(dh/R)1/2 (3.6) 
since the maximum bite angle is quite small, in 
order to simplify the calculation, the sinusoidal value 
of the bite angle could be replaced by the bite angle 
itself in radians. For example, in this study, the 
maximum compression level is 20%, the maximum thickness 
of the timber board is 33 mm and the diameter of the 
rollers is 206.8 mm' thus the maximum bite angle is 14.51 
degrees. Obviously, the maximum error caused by the 
difference between the sinusoidal value and the radian 
value of the bite angle is less than 0.03. 
Finally, the calculation formula of the bite angle a is 
deduced as follows: 
a = (dh/R) 1/2 (rad) (3.7) 
From Figure 3.1, the formulae of the rolling angle 
r and the thickness of the timber board h at any point of 
contact arc can also be deduced: 
COSr = 1-(h-h2)/D (3.8) 
h h2 + D x (l-COSr) (3.9) 
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3.4 THE DYNAMIC PROPERTIES OF COMPRESSION ROLLING 
OF TIMBER BOARDS 
3.4.1 MECHANISM QF lIT. AND FRICTION IN THE 
COMPRESSION BOLLING PROCESS 
~-+---+--
I 
I~ 
I I 
~ \1 
Figure 3.2 The timber board can not be fed by the 
rollers (P x SINa > ~ x COSa) 
Compression rolling of the timber boards is a 
process of compression, shear and friction between the 
compression rollers and the timber boards. The feed of 
the timber boards is driven by two compression rollers, 
thus the feed conditions are of considerable importance. 
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Obviously, at the beginning of compression rolling 
(that is, when the timber board just contacts the 
rollers), the condition of bite is: 
P x SINa = T x COSa (3.10) 
The equation 3.10 represents the critical 
Figure 3.3 The timber board can be fed by the 
rollers (P x SINa < ~ x COSa) 
condition during the feed of the timber boards. 
where, P is normal force 
is shear force 
The equation (3.10) can be clearly depicted in 
Figure 3.2 and Figure 3.3. 
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In Figure 3.2, P x SINa is greater than ~ x COSa, 
thus it is impossible to feed the timber board through 
the compression rollers; but in Figure 3.3, the timber 
boards can be fed by the rollers since P x SINa is less 
than ~ x COSa. According to equation (3.10), we know 
that the value of P x SINa decreases and the value of~ x 
COSa increases when the bite angle decreases, that is the 
possibility of bite increases when the bite angle 
decreases, thus we need to find out the maximum bite 
angle, which can set up the equation (3.10). 
It is likely that the maximum angle of bite 
depends on the surface condition of the rollers and the 
timber boards, such as the moisture content of timber 
boards, the smoothness of the timber boards and rollers, 
the resin content etc •• 
Furthermore, the shear force can be represented: 
-r: = f1 x P (3.11) 
where f1 is coefficient of friction 
The coefficient of friction can be represented as 
follows: 
f1 = tans (3.12 ) 
where S is angle of friction 
substituting equation (3.11) into equation (3.10) gives: 
P x SINa = f1 x P COSa 
hence, 
f1 = SINa/COSa = tana (3.12 ) 
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It is known that the coefficient of friction fl is 
equal to the tangent of the angle of friction, thus, 
fl = tanamax = tans 
and then, 
(3.I3) 
amax = e (3.14) 
From equation (3.14), the following conclusions can be 
drawn: 
1. The timber boards can be fed by the rollers when 
the bite angle is less than or equal to the friction 
angle. 
2. The range of the bite angle must be: 0 < a < e 
3. Since the direction change of the resultant normal 
force, the feed condition is improved when the gap 
of the rollers is filled by timber boards. 
The dynamic friction is caused by slipping between 
the timber board and the steel rollers at the initial 
period of feeding. The friction coefficient can be 
specified within 0.2-0.3 according to previous research 
results (McMillin etc. 1970, Mckenzie and Karpovich 1968) 
3.4.2 THE SPEED OF COMPRESSION ROLLING 
The peripheral speed of the compression rollers 
can be calculated as follows: 
v = (~ x D x n)/60 (m/sec) (3.15) 
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where, 
D is the diameter of the compression rollers in 
meters 
n is the revolutions per minute of the rollers 
Generally, the peripheral speed of the compression 
rollers represents the feed speed of the timber board. 
But we must recognize that the horizontal component of 
the peripheral speed of the compression rollers varies 
Figure 3.4 The change of feed speed at the different 
points 
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(Figure 3.4) during compression rolling. For instance, 
in Figure 3.4, the horizontal component of the peripheral 
speed of the point A is a minimum VAhl but in the point 
B, the horizontal component of the peripheral speed is a 
maximum VBh' Thus, in the arc of the rolling of any 
point C between A and B, the relationship will be: 
(3.16 ) 
The change of the horizontal component of the 
VA = V' COSy 
( 0 ~ )'" ~ a) 
r 
Figure 3.5 Sketch of change of the horizontal 
component on peripheral speed 
peripheral speed can be represented schematically in 
Figure 3.5 
From Figure 3.5, we can observe that there is a 
difference between VAh and VBh " It is the maximum 
difference of the feed speed, so the maximum relative 
difference of the feed speed is: 
(3.17) 
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In Figure 3.5, at a certain point, the horizontal 
component of the peripheral speed can be represented as 
follows: 
where 
thus, 
Vh = V x COSr (3.18) 
r is the rolling angle (0 ~ r ~ a) 
(3.19) 
VAh = V x COSa (3.20) 
substituting equations (3.19) and (3.20) into equation 
(3.17) and simplifying yields, 
Vd = (1 - COSa) x 100% (3.21) 
To sum up, it is likely that there is a slight 
slip between the timber boards and compression rollers 
during rolling. 
3.4.3 LOAD AND TORQUE DURING COMPRESSION ROLLING 
According to the basic assumptions, we suppose the 
elastic deformation is far greater than plastic 
deformation of the timber boards during compression 
rolling, thus the timber boards are elastic bodies and 
Hooke's law can be used. 
To simplify the calculations, the following 
hypothesis is made. 
1. The strain and stress at a point during rolling 
have a constant relation. 
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2. The projection length between any two points of the 
timber board on the horizontal plane is not changed 
during rolling. 
3. The width of the timber board is supposed to be of 
a unit width. 
4. During compression rolling, the relationship of 
load and normal force, speed and hardness is 
represented as follows: 
(3.22) 
where, 
L is the working load of compression rolling 
p is the normal force caused by deformation of wood 
V is the feed speed 
m is feed speed factor 
H is the value of wood hardness 
n is the hardness factor 
In equation (3.22), P is the principal parameter 
which basically determines the range of the load. Item 
vm indicates the following fact: The compression rolling 
process is affected by the recovery rate of the timber 
board. Under the same compression level and treatment 
condition (include the moisture content of the board, 
diameter of rollers and the density of the timber, etc.), 
if the feed speed increases up to a certain value, the 
recovery rate of the timber boards is relatively lower 
than the feed speed (the recovery rate is not change, 
refer basic assumptions 5), so the dynamic contact arc is 
shorter than static contact arc of the timber boards and 
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the rollers. 
Figure 3.6 describes schematically this phenomenon 
during the compression rolling process. 
In Figure 3.6, all of the compression rolling 
Figure 3.6 The effect of the feed speed on the 
process of deformation recovery (VI < V2 < 
V 3 ) 
conditions are the same except for the feed speed: VI < 
V2 < V3 
Item Hn is a correction of the hardness change of 
the timber boards. In fact, the hardness of the timber 
boards can represent the general physical properties of 
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the timber boards during compression rolling (such as 
density of wood, moisture content etc.). 
In order to simplify the analysis of compression 
rolling process and to compare easily the result of the 
experiments, we take the logarithm of both sides of the 
equation (3.22), that is, 
LnL = LnP + m x LnV + n x LnH (3.23) 
~:~~~~~~~ 
~ 
~ 
~~~~rrn~~-
r 
Figure 3.7 The distribution of the force during 
compression rolling 
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Furthermore, 
P = 1": (Pi) (3.24 ) 
where, Pi is a force on a small area of the contact arc 
Figure 3.7 represents schematically the 
distribution of the force during compression rolling. 
From Figure 3.7, we observe that at the point of A, 
PA = (JA x MA 
where, 
(3.25) 
(JA is the normal stress of the timber boards at the 
point A 
MA is the area of the small element 
According to the basic principle of the theory of 
elasticity (Bodig and Jayne, 1982), the normal stress of 
the timber board can be written as follows: 
(J = K x Rh (3.26) 
where, 
K is a constant which is a factor concerned with 
modulus of elasticity 
Rh is compression deformation of timber along the 
radial direction 
Substituting equation (3.26) into equation (3.25) yields, 
(3.27) 
In equation (3.27), the area of the small element MA can 
be represented ~s follows: 
MA = R x dr (3.28) 
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and 
(3.29 a) 
COSr 
since the maximum bite angle is quite small and 0 
~ r ~ a, in order to simplify the calculation, Rh could 
be replaced by dh, that is, equation (3.29 a) can be 
rewritten as follows: 
RhA ~ dhA = (hI - h2)/2 - R(1 - COSr) (3.29 b) 
and the relative error can be indicated: 
(3.30) 
In this research, this relative error is less than 0.03 
Substituting equations (3.28) and (3.29 b) into equation 
(3.27) and simplifying yield, 
PA = K x R x (dh/2 - R x (1 - COSr»dr (3.31) 
PA represents a normal force on a small element 
which includes the point A of contact arc between the 
timber board and the roller. In fact, the point A 
represents any point on the contact arc, so summing up 
all of the force elements on the contact arc and taking 
into account the symmetry of the contact arc and the 
width of the timber board, we get the following equation, 
P = 2xbxKxR r
a 
(dh/2 - R x (I-COSr»dr (3.32) 
Jo 
that is, 
P = 2xbxKxRx(dh/(2xa) - Rxa + RxSINa) (3.33) 
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where, 
b is the width of the timber board 
We can further analyse the equation (3.33). Since 
the maximum bite angle is very small, the sinusoidal 
value of the bite angle can be replaced by the bite angle 
itself in radian, that is, 
a ~ SINa 
Substituting the above equation into equation (3.33) 
yields: 
P = b x K x R x dh x a (3.34 ) 
Furthermore, substituting equation (3.7) into equation 
(3.34) and simplifying yields: 
P = b x K x ./R x ( dh) 3/2 (3.35) 
Using the same principle, we can deduce: 
where 
(3.36) 
~ is the resultant shear force caused by 
friction 
1ri is shear force of any small element on the 
contact arc 
During compression rolling of timber boards, the 
output side portion of the contact arc does not provide 
the full portion of its normal reaction so that the point 
at which the centre of normal force is applied always 
deviates from the geometric centre of the roller. If 
this distance is z, there is a retarding couple L x Z 
which must be overcome by the torque of hydraulic motor. 
Neglecting other friction and the drop of efficiency, the 
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following equation can be deduced (Bowden and Tabor, 
1963): 
T = = L x z (3.37a) 
Furthermore, comparing equation (3.11), we can get the 
following equation: 
where 
(3.37b) 
R is the radius of the roller 
z is the distance between the centre of the 
normal force and geometric symmetric centre of 
the contact arc 
T is the compression rolling torque 
L is the working load 
~ is the resultant shear force caused by 
resistant friction force 
Equation (3.37a) is deduced by considering the 
following factors: 
1. The timber is not perfect. elastic material, so the 
recovery of compression deformation is a function of 
time. 
2. The contact arc is not geometrically symmetrical 
during compression rolling (Figure 4 Gunzerodt etc. 
1988). 
3. The influence of the feed speed and hardness is 
considered-. 
From equations (3.37a) and (3.37b), we believe 
that there are two basic methods to calculate the torque. 
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1. First method: the torque based on the resultant 
shear force 
The same principle as equation (3.24), we have, 
where 
where 
~i is shear force on a small area of the 
contact arc 
(3.11a) 
Pi is a force on a small area of the contact 
arc 
f2 is friction coefficient during compression 
Because many factors influence the friction (such 
as smoothness of the contact surface, moisture content 
and the condition of the compression rolling), it is very 
difficult to determine the friction coefficient. 
Generally, the friction coefficient during rolling is 
varied: it is greater than the rolling friction 
coefficient and smaller than sliding friction coefficient 
(Knudson and SChniewind 1971). ' It is likely that this 
friction coefficient is as a modified rolling friction 
coefficient. It is caused by two different factors: 
(1) slip at the contact arc during rolling. 
(2) deformation of compression rolling 
(Johnson and Tabor 1968) 
2. Second method: the torque is based on the retarding 
couple L X,Z 
Based on the previous research, we believe that 
the contact arc is not geometrically symmetrical during 
rolling (Gunzerodt 1985 and Gunzerodt etc. 1988): the 
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pattern of the contact arc has already been described in 
Figure 3.6 
We believe the following equation is basically 
correct with limited experiments: 
where 
t2 = (1/2 ~ 3/4) x t1 
t1 is the projection length of the contact arc 
on the input side 
t2 is the projection length of the contact arc 
on the output side 
The pattern and length of the contact arc and the 
distribution of the force can be described in Figure 3.8 
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If we suppose that: the distance between the 
geometrical centre line of the rollers and the centre of 
the resultant normal force at input side contact arc is 
1/3 x t1 and the distance between the geometrical centre 
line of the rollers and the centre of the resultant 
normal force at output side contact arc is 1/3 x t2, then 
we have the following equation: 
T = (0.08 - 0.566)t1 x L 
-< 
Figure 3.8 Resultant rolling force and torque arm 
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Referring to equation (3.35), the normal force P 
is the function of the width of timber boards, elastic 
property of timber, the diameter of rollers and 
compression level. In the experiments, the item b x K x 
Rl/2 can be thought of as a single factor and be written 
as: 
p = b x K x Rl/2 
Thus, the normal force can be represented as follows: 
P = P x (dh)3/2 (3.38 a) 
We generalize the equation (3.38 a), then we deduce the 
following formula: 
P = P x (dh)j (3.38 b) 
Equation (3.38 b) is the mathematical generalization 
formula of equation (3.38 a). substituting equation 
(3.38 b) into equation (3.22) yields: 
(3.39) 
Thus, the equation (3.23) can be also represented as: 
LnL = Lnp + j x Ln(dh) + m x LnV + n x LnH (3.40) 
The equations (3.37a), (3.37b), (3.39) and (3.40) are the 
basic calculation formulae for analysing compression 
rolling in term of the working load and torque. 
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CHAPTER FOUR; 
THE COMPRESSION ROLLING MACHINE 
4.1 GENERAL FUNCTION AND FEATURE OF COMPRESSION 
ROLLING DEVICE 
Figure 4.1 represents schematically the 
configuration of the compression rolling device used in 
this research. This compression rolling machine provides 
the following functions and features for compression 
rolling of timber boards. 
1. The machine is easy to operate because the structure 
of the machine is very simple. 
2. The adjustment of the feed speed is reliable, simple 
and flexible. The hydraulic motors are used to 
accomplish speed control with infinite and smooth 
speed change over a wide range and in either 
direction. 
3. The design of the machine considers fully a 
possibility of installation and usage of measurement 
instrumentation. with this configuration, the 
compression rollers are left unenclosed giving good 
access to the nip area for observation and 
measurement of the timber boards during compression 
rolling. 
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Figure 4.1 The 
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compression rolling device 
1. Hydraulic motors 
2. Compression rollers 
3. The main brackets 
4. Load screws 
5. Load beams 
6. Torque arms 
7. The main frame 
8. Limited 19ad cylinders 
9. The infeed rollers 
10. Adjustment screws of feed 
rollers. 
10 
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The compression rolling machine consists of a 
compression rolling device and a hydraulic power system. 
Their functions and features are explained as follows: 
1. Hydraulic motors: Four low speed and high torque 
hydraulic motors are used on the compression rolling 
device. The motors are mounted directly on the ends 
of the shafts of the compression and infeed rollers. 
These motors are connected to a variable 
displacement pump system. The application of the 
hydraulic motors provides the following advantages 
and features: 
(A). The hydraulic motors can operate at a low speed 
that remains constant even when the load 
varies. 
(B). Infinite and smooth speed control is 
accomplished easily and economically. 
(C). The rotation direction of the motors can be 
changed instantly with a simple and economic control 
system. They can rotate continuously and provide 
equal power output in either direction. 
2. Compression rollers: Three pairs of compression 
rollers are provided. Their diameters are 206.8 mm, 
156 rom and 51.8 rom. 206.8 rom diameter compression 
rollers are called the main compression rollers. 
The others are the auxiliary compression rollers. 
The design and installation of the compression 
rollers permit the maximum compression thickness is 
up to 140 mm. 
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As shown in Figure 4.1, the main compression 
rollers are installed on the main brackets. The 
duplex chain is fixed on both sides of the main 
compression rollers in order to drive other 
auxiliary compression rollers at the same peripheral 
speed as the main rollers. 
3. The main brackets: They are used to connect and 
support the compression rollers and the hydraulic 
motors. The main brackets are connected and 
supported by four long screws rather than a heavy 
frame. This is one of the features of this 
compression rolling device. With this structure, 
the operators have access to the nip area to measure 
and observe the compression rolling process at close 
range. 
4. Load screws: Four long load screws link the main 
brackets. This configuration has the advantage of 
not needing a heavy external structure. The set of 
four load screws are reverse threaded at the top and 
bottom, so the top screw nuts and bottom screw nuts 
remove in reverse direction when the set of four 
load screws is turned in the same direction. The 
screw nuts connect with the main brackets. The main 
brackets are closed or further apart by the load 
screws. The screws are linked by a chain and 
sprocket system to give easy and convenient 
adjustment of the roller gap. 
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5. Load beams: On both sides of the two main 
compression rollers, there are four load beams, 
which are used for the installation of the strain 
gauges and for measuring the load values. 
6. Torque arms: As shown in Figure 4.1 and Figure 4.2, 
there are two torque arms connected to the main 
brackets and the hydraulic motors. Because of the 
connection method of the torque arms, they bear pure 
D 
T 
O -----, ..... . --- () --. -~ 
1 3 
c 
Figure 4.2 Sketch of load Beam and Torque Arm 
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torque, thus the torque during the compression 
rolling of timber board is measured accurately. 
Each torque arm is connected to each of the 
hydraulic motors of the main compression rollers at 
A and B. At same time, it is attached to each of 
the main brackets on the side of the hydraulic 
motors through simple supports at C and D. A and B 
are fixed connections carry loads in all three 
planes, but C and D are suspended supports and bear 
torque only. Thus the deformation of the torque 
arms during compression rolling is the IISIt-shape 
type deflection (Figure 4.2). 
7. The main frame: It connects the other parts of the 
device and supports the compression rollers and the 
infeed rollers. 
8. Load hydraulic "cut out" cylinders: They are 
designed and used for the purpose of safety and 
protection. The working pressure of the cylinders 
can be pre-adjusted to supply hydraulic overload 
protection against large, hard knots in the timber. 
9. The infeed rollers: There is a pair of grooved 
infeed rollers on the device. Each roller is driven 
by a hydraulic motor. 
10. Infeed rollers adjustment screws: the screws 
are used f.or adjusting the gap of the infeed 
rollers. 
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4.2 THE FUNCTIONS AND FEATURES OF HYDRAULIC POWER 
SYSTEM 
The hydraulic power system consists of the 
electric motor, the flywheel, the clutch, the VPT 3333 
hydrostatic transmission primary unit, the adjustment 
mechanism (control of displacement of double pump), the 
filter, the safety valve, the oil reservoir and electric 
control parts. The principle of the hydraulic system is 
described schematically in Figure 4.3. The hydrostatic 
transmission primary unit is composed of two variable 
displacement hydraulic pumps, check valves, low pressure 
relief valve, four differential piston type high pressure 
relief valves and charge pump. 
4.3 SPECIFICATION 
The power of electric motor 
Maximum design compression force 
Diameter of compression rollers 
Diameter of infeed rollers 
Maximum working width 
18 kw 
50 KN 
51.8 mm 
156 nun 
206.8 rom 
206.8 rom 
110 nun 
Maximum gap between the principal rollers 
140 nun 
Feed speed 0-3500nun/s 
Dimension of the device (nun) 1100x760x1400 
Dimension of the hydraulic system (nun) 
1310x1200x1440 
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Figure 4.3 The principle of the hydraulic system 
1. Variable displacement hydraulic pumps 
2. High torque hydraulic motors 
3. The charge pump unit 
4. Check valves 
5. Relief valves 
6. oil tank 
7. Pressure gauges 
8. Limiting load hydraulic cylinders 
9. Throttle valves 
10. Filter 
.~~ ''1, 
CHAPTER lIVlI 
THE APPLICATION OF INSTRUMENTATION AND MICROCOMPUTER FOR 
MEASUREMENTS AND DATA AggUISITION 
5.1 THE AIMS AND RANGE OF THE APPLICATION 
Figure 5.1 is a diagram, which explains 
schematically the principle and range of application of 
the computer and the instruments. 
The object of the instrumentation is mainly to 
measure speed, torque and load during compression rolling 
and capturing digital values. 
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5.2. MEASUREMENT OF TORQUE AND LOAD 
5.2.1 BASIC PRINCIPLE OF THE MEASUREMENT 
The measurement elements of the load and torque--
torque arms and load beams have been described in Chapter 
4 (Figure 4.2). Each torque arm is part of a torque 
dynamometer. Each load beam is one of the elements of a 
load dynamometer. A torque dynamometer consists of a 
torque arm, 4 resistance-type strain gauges, direct 
current power device and the signal amplifier. 
Similarly, a load dynamometer is composed of a load arm, 
4 strain gauges, DC power device and the signal 
amplifier. The position of the torque arms and load 
beams and the distribution of the strain gauges are shown 
in Figure 4.1 and Figure 4.2. A group of four 
resistance-type strain gauges is glued onto each of the 
torque arms and each of the load beams. Each group is 
connected and wired up to a Wheatstone bridge with a 
temperature compensating circuit as shown in Figure 5.2 
and Figure 5.3. 
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Since the change of electric resistance is 
directly proportional to the change of the strain in the 
strain gauge and the strain gauges are closely glued to 
the torque arms or the load beams, the change in the 
resistance in the strain gauges represents the change in 
the strain in the torque arms or the load beams, which is 
caused by torque or load during compression rolling. 
Thus, the load of compression rolling represented by the 
B 
D 
II 
~; 
~ 
Figure 5.2 Wheatstone bridge 
circuit on the 
torque arm 
.... 
'.J 
Figure 5.3 Wheatstone bridge 
circuit on the 
load beam 
:::i 
D 
II 
strain of the load beam can be expressed by the change of 
resistance of the strain gauges on the load beam. The 
same applies to the measurement of the torque. The 
principle of the torque dynamometers and the load 
dynamometers is indicated clearly in Figure 5.4. 
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5.2.2 SIGNAL CONDITIONING CIRCOIT -- THE WHEATSTONE 
BRIDGE 
One of the Wheatstone bridges on the load arms is 
analyzed as follows. The rest of the Wheatstone bridges 
have the same principle. 
Figure 5.3 represent a Wheatstone bridge on a load 
beam. The output voltage Eo of the bridge can be 
determined by treating the top and bottom parts of the 
bridge as individual voltage dividers. Thus, 
(5.1) 
(5.2) 
The output voltage Eo of the bridge is 
(5.3) 
substituting equations (5.1) and (5.2) into equation 
(5.3) yields: 
(5.4) 
Equation (5.4) indicates that the initial output voltage 
will vanish (Eo = 0) if 
(5.5) 
When equation (5.5) is satisfied, the bridge is said to 
be balanced. with an initially balanced bridge, an 
output voltage dEo develops when the resistances Rl, R2, 
R3 and R4 are varied by amounts dRl, dR2, dR3 and dR4 
respectively. From equation (5.4), with these new values 
of resistance, 
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CHANGE OF RESISTANCES IN THE STRAIN 
GAUGES ON THE TORQUE ARMS OR THE 
LOAD BEAMS 
CHANGE OF VOLTAGE IN WHEATSTONE 
BRIDGES MADE UP BY 4 STRAIN GAUGES 
ON EACH OF TORQUE ARMS OR LOAD 
BEAMS 
CHANGE OF THE STRAINS IN THE 
STRAIN GAUGES 
CHANGE OF THE STRAINS IN EACH OF 
THE TORQUE ARMS OR LOAD BEAMS 
THE LOAD OF EACH LOAD BEAM OR THE 
TORQUE OF EACH TORQUE ARMS 
TORQUE OR LOAD OF COMPRESSION 
ROLLING 
Figure 5.4 principle of the torque dynomometers and 
the load dynamometers 
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(R1+dR1)x(R3+dR3)-(R2+dR2)x(R4+dR4) 
dEo=Eix-----------------------------------(5.6) 
(Rl+dRl+R2+dR2) x (R3+dR3+R4+dR4) 
Expanding, neglectihg higher-order terms and substituting 
equation (5.5) yields: 
Rl dRl dR2 dR3 dR4 
dEo=--------x(---- -
---- + ---- - ----)xEi 
(Rl+R2) 2 Rl R2 R3 R4 
Equation (5.7) indicates that the output voltage from the 
bridge is a linear function of the resistance changes. 
This apparent linear results from the fact that higher-
order terms in equation (5.6) are neglected. If the 
higher-order terms are retained, the output voltage dEo 
is a nonlinear function. since the resistances of each 
of the strain gauges on the load beam are same, the 
equation (5.7) can be deduced: 
(5.8) 
where 
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since the distribution of the strain gauges on the load 
beam is symmetrical, the strains on gauge 1 and gauge 3 
are the same and the strains on gauge 2 and gauge 4 are 
also the same, that is, 
where dRc is the change of resistance in gauge 1 or 
gauge 3 due to uniaxial compression. 
dRt is the change of resistance in gauge 
2 or gauge 4 caused by uniaxial tension. 
According to symmetry, from equation (5.8) the 
following equation is deduced: 
IdEOI={2xldRc l+2x/ dRtl)/4XR (5.9) 
then, 
IdEol = dR/R (5.10) 
By neglecting the installation error of the strain 
gauges and the error caused by the strain gauges 
performances, the strain of the load beam can be deduced 
from Appendix 1, that is: 
& = l/GF x dR/R (5.11) 
To sum up: the resistance change of the strain 
gauges of the load beam is converted into the change of 
voltage by the Wheatstone bridge and this change 
expresses the change of strain on the surface of the load 
beam. The load of compression rolling can be represented 
as a linear function of the strain. Finally, by means of 
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calibration, we can set up a relationship between the 
load and the voltage of the Wheatstone bridge. 
For the principle of the resistance-type strain 
gauges also refer to Appendix 1. For the selection and 
installation of the strain gauges refer to Appendix 2 in 
detail. 
5.2.3 RELATED MEASURING DEVICE 
The following devices are used for the measurement 
of load and torque. 
(1). The strain gauge amplifier. 
(2). DC power device 
(3). Terminal Block 
(4). PCL-712 Multi-Lab Card 
(5). PC XT 
(6). PCLD-780 wiring terminal board 
The principle and application of these devices 
will be described separately. 
5.2.4 CALIBRATION 
Before the measurement of the torque and load, the 
dynamometers need to be calibrated. The principle of 
calibration is very simple. The known load or torque is 
applied to the dynamometers and the voltage values are 
recorded under the different levels of load or torque. 
The voltage-load curve and the voltage-torque curve are 
drawn according to calibration test data. The linear 
regression equations of load and voltage or of torque and 
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voltage can be deduced by data processing. 
The calibration procedure of each of the two load 
dynamometers was described as follows: 
(1). First of all, a load cell must be calibrated. 
It is connected with the strain gauge indicator in 
the full Wheatstone bridge and loaded up by means of 
uniaxial compression on the universal testing 
machine from 0 KN to 50 KN at interval of 5 KN. The 
readings of the strain values from the strain gauge 
indicator are recorded. These readings correspond 
to each load. 
(2). Secondly, the load cell is placed between the 
two compression rollers. Both top and bottom 
surface of the load cell are in contact with the 
aluminium blocks as shown in Figure 5.5. 
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(3). The load cell is placed under load by closing 
the gap between two compression rollers. A hand 
pump is connected to the two "limit load" cylinders 
at the bottom of the two long screws (Figure 4.1) 
and need to pump the hydraulic oil into the 
--- ~ 
~I 
Figure 5.5 Calibration of the load dynamometers 
Legend: 1, 2 
3, 4 
5 
The compression rollers 
Aluminium Blocks 
Load cell and measurement system 
cylinders. The two cylinders push the bottom 
compression roller upwards and so place the load 
cell under load. The voltage values of each of load 
dynamometers are recorded when the load is 
separately 0, 5, 10, ••••.• 50 KN. 
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(4). The results of data processing and the load-
voltage curve are shown in Table 5.1, Table 5.2, 
Figure 5.6 and Figure 5.7. 
1 
I 
~-.---
Figure 5.8 Calibration of the torque dynamometers 
Legend: 1 Steel plates 2 Nut 
3 Auxiliary adjust screw 
4 Hyejraut i c motor 5 Long bot ts 
6 Load arm 7 Weight 
The cali9ration procedure of the two torque 
dynamometers was as follows: 
1. A special clamp was designed and used for loading 
the known torque on the torque dynamometer. The 
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clamp consists of two steel plate and 4 bolts as 
shown in Figure 5.8. 
Two steel plates are clamped on the hydraulic motor 
by 4 bolts and 8 adjustable auxiliary screws. .The 
load arm used for calibration is installed on the 
top plate. The weights are put on the end of the 
load arm to produce the torque. 
2. The different weights are added and the voltage 
readings are recorded. The torque-voltage curves 
are set up by data processing. The calibration 
result of the two torque dynamometers is listed in 
Table 5.3, Table 5.4, Figure 5.9 and Figure 5.10. 
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Table 5.1 Calibration of Load Beam 1 
------------------------------------------------------------
No. Load(KN) Voltage (v) D A T A P 0 C E S S 
------------------------------------------------------------
X Y X*X 
1 0.0 3.296 0 
2 5.0 3.483 25 
3 10.0 3.692 100 
4 15.0 3.893 225 
5 20.0 4.095 400 
6 25.0 4.292 625 
7 30.0 4.409 900 
8 35.0 4.603 1225 
9 40.0 4.810 1600 
10 45.0 4.998 2025 
SUM 225 41.571 7125 
Regression Analysis Results: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coeffichmt (s) 
Std Err of Coef. 
0.0374630 
0.0005517 
y*y 
10.864 
12.131 
13.631 
15.155 
16.769 
18.421 
19.439 
21.188 
23.136 
24.980 
175.715 
3.314181818 
0.025055453 
0.998268023 
10 
8 
X*y 
0.000 
17.415 
36.920 
58.395 
81. 900 
107.300 
132.270 
161.105 
192.400 
224.910 
1012.615 
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Table 5.2 Calibration of Load Beam 2 
------------------------------------------------------------No. Load(KN) Voltage (v) D A T A P 0 C E S S 
------------------------------------------------------------
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
SUM 
X Y X*X 
0 3.577 0 
5 3.395 25 
10 3.214 100 
15 3.030 225 
20 2.848 400 
25 2.666 625 
30 2.484 900 
35 2.304 1225 
40 2.118 1600 
45 1.957 2025 
50 1. 765 2500 
275 29.358 9625 
Regression Analysis results: 
Constant 
std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X.Coefficient(s) 
Std Err of Coef. 
-0.036210 
0.0001033 
y*y 
12.795 
11. 526 
10.330 
9.181 
8.111 
7.108 
6.170 
5.308 
4.486 
3.830 
3.115 
81. 960 
3.574181818 
0.005421990 
0.999926630 
11 
9 
X*Y 
0.000 
16.975 
32.140 
45.450 
56.960 
66.650 
74.520 
80.640 
84.720 
88.065 
88.250 
634.370 
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Figure 5.6 CALIBRATION OF LOAD DYNAMOMETER (LOAD BEAM 1) 
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Figure 5.7 CALIBRATION OF LOAD DYNAMOMETER (LOAD BEAM 2) 
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Table 5.3 Calibration of Torque Arm 1 
-----------------------------------------------------No. Length(m) Weight (Kg) Torque (Kg*m) Voltage (v) 
-----------------------------------------------------
1 0.455 0.00 0.000 3.617 
2 0.455 0.44 0.200 3.609 
3 0.455 0.84 0.382 3.604 
4 0.455 1.24 0.564 3.602 
5 0.455 2.04 0.928 3.600 
6 0.455 2.84 1. 292 3.578 
7 0.455 3.64 1.656 3.563 
8 0.455 4.44 2.020 3.543 
9 0.455 5.24 2.384 3.525 
10 0.455 6.04 2.748 3.510 
11 0.455 6.84 3.112 3.493 
12 0.455 7.64 3.476 3.474 
13 0.455 8.44 3.840 3.463 
14 0.455 9.24 4.204 3.448 
15 0.455 10.04 4.568 3.434 
16 0.455 10.84 4.932 3.414 
17 0.455 11. 64 5.296 3.401 
18 0.455 12.44 5.660 3.385 
19 0.455 13.24 6.024 3.372 
20 0.455 14.04 6.388 3.355 
21 0.455 14.84 6.752 3.340 
-----------------------------------------------------
Regression Analysis Results: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of ,Freedom 
X Coefficient(s-0.042300 
Std Err of CoefO.0005316 
3.625619754 
0.005184888 
0.997008061 
21 
19 
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Table 5.4 Calibration of Torque Arm 2 
-----------------------------------------------------No. Length(m) Weight (Kg) Torque (Kg*m) Voltage (v) 
-----------------------------------------------------
1 0.455 0.00 0.000 
2 0.455 0.56 0.255 
3 0.455 1. 76 0.801 
4 0.455 2.96 1. 347 
5 0.455 4.16 1. 893 
6 0.455 5.36 2.439 
7 0.455 6.56 2.985 
8 0.455 7.76 3.531 
9 0.455 8.96 4.077 
10 0.455 10.16 4.623 
11 0.455 11. 36 5.169 
12 0.455 12.56 5.715 
13 0.455 13.76 6.261 
14 0.455 14.96 6.807 
15 0.455 16.16 7.353 
16 0.455 17.36 7.899 
17 0.455 18.56 8.445 
18 0.455 19.76 8.991 
19 0.455 20.56 9.355 
Regression Analysis Results: 
Constant . 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coefficient 
3.574353402 
0.005880589 
0.997496724 
19 
17 
0.0376346 
0.0004572 
3.581 
3.595 
3.606 
3.625 
3.643 
3.663 
3.684 
3.704 
3.723 
3.742 
3.763 
3.787 
3.810 
·3.830 
3.846 
3.865 
3.902 
3.922 
3.932 
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Figure 5.9 CALIBRATION OF TORQUE DYNAMOMETER 1 
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Figure 5.10 CALIBRATION OF TORQUE DYNAMOMETER 2 
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5.3 MEASUREMENT 0' THE SPEED 
The devices for measuring speed consist of a 
reflective object sensor, a reflecting disk, a DC power 
device and a counter. The reflective object sensor 
consists of an infra-red emitting light emitting diode 
(L.E.D.) and a phototransistor. The phototransistor 
responds to radiation from the diode when a reflective 
figure 5.11 The Scheme of Principle of Speed Measurement 
1. Reflecting Disk 2. Blind Hole 
3. Reflective Surface 4. Reflective Object Sensor 
object is placed within the field of view. The optimum 
sensing distance of the reflective object sensor is 4.6 
mm. The reflecting disk is designed as shown in Figure 
5.11. 
The dist~nce between the reflective object sensor 
and the outside surface of the reflecting disk is about 
4.6 mm, thus, there is a higher current in the emitter of 
the phototransistor and the output of voltage, Vout, is 
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high level when the light is reflected by the outside 
surface of the reflecting disk. Conversely, Vout is at a 
low level when the light is reflected by the blind hole 
of the reflecting disk. The reflecting disk with 10 
holes (Figure 5.11) is fixed on the end of the shaft of 
compression rollers, thus this signal of the output 
voltage varies as shown in Figure 5.12. 
The output of voltage, Vout, is connected to the 
counter. The digital display of the counter represents 
Vout. o~---;--------------~r------~o Vc:::12v 
r:7{ 5v -_'\._ n __ _ . ',-. ~\_- -
R ~ \L) l)ho·vo~I'6.n5i~tor .J ___ ~ _~ 
0.1 v -Vi=12v 
----0 Vout _~~ ___ ~m IF 
(l.E.D.) t R =22k 
r---4----------------~~----O 
Figure 5.12 The circuit and signal of the reflective object 
sensor used for speed measurement 
the speed of compression rollers. 
S.4 COMPUTER-AIDED EXPERIMENT 
S.4.1 THE PRINCIPLE OF ANALOG TO DIGITAL CONVERSION 
The measurement method of torque and load has been 
described in this chapter, but it is necessary to capture 
and record data of load and torque during compression 
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rolling. A PC was used to realize data acquisition and 
data processing. In order to use the computer, it is 
necessary to transfer the analogue representing torque or 
load value into a digital value using an analog-to 
digital converter. It connects the voltage signal 
representing the load or the torque to the computer. 
The principle of analog-to-digital conversion is 
simply described as follows: 
';milo/; 
i.r; I;\) t 
JiCl h.,l 
Cl:'_:''-.rL • 
AMlog ,.-___ -,Digi tal 
input 'j S lu,' r-------l'G] I ____ --Irout'/=ut .. 
, /Jj C 1-'--- Encoder 
"'------I 
Figure 5.13 The block diagram of AID Conversion 
Analog-to-digital conversion consists of 
transforming ~he numerical information contained in an 
analog signal into a digital-coded word. The AID usually 
performs the following sequential operations: sample-and-
hold, quantization and encoding. 
A sampling operation is needed to sample the 
analog signal at certain periodic intervals. 
Theoretically the holding operation is not needed; 
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however, the conversion time from analog to digital data 
of is not zero. In order to reduce the effect of signal 
variation during conversion, the sampled signal is held 
until the conversion is completed. Figure 5.13 gives the 
block diagram representations of an A/D. 
From Figure 5.13, we know that one of the major 
operations in the A/D conversion is quantization. since 
the digital output can assume only a finite number of 
levels, it is necessary to quantize or round off the 
analog number into the nearest digital level. Figure 
5.14 illustrates the relationship between the analog and 
digital binary integral code (in order to simplify, a 
three-bit word is used for this example instead of 12-bit 
word). 
As shown in Figure 5.14 the analog signal has 
decision levels at the values of O.5q, 1.5q, 2.5q, •....• 
6.5q. It must be noted that the analog-to-digit 
conversion shown in Figure 5.14 is not generally a one-
to-one relation. The parameter q which is equal to the 
least significant bit (LSB) is known as the quantization 
level. For example, the three-bit digital word, the LSB 
is 1/8 of full scale (FS), as indicated in Table 5.5. 
The difference between the analog signal and the digital 
output is called the quantization error. The 
quantization error in general depends on the number of 
quantization leyel or the resolution of the quantizer. 
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Table 5.5 Relation Between Analog and Digital 
Numbers for A Three-bit AID Conversion 
Analog Number Binary-Coded Digital Number 
A Binary Number 
MSB LSB 
IAI<0.5q 0 0 0 0 
O. 5q< I A 1<1. 5q 0 0 1 1/8FS=q=LSB 
1. 5q< I A! <2. 5q 0 1 0 1/4FS=2q 
2.5q<IAI<3.5q 0 1 1 3/8FS=3q 
3.5q<!AI<4.5q 1 0 0 1/2FS=4q 
4.5q<IAI<5.5q 1 0 1 5/8FS=5q 
5.5q<IAI<6.5q 1 1 0 3/4FS=6q 
6.5q<IAI<7.5q 1 1 1 7/8FS=FS-LSB=7q 
As shown in Table 5.5, for a three-bit binary-
coded digital number, the MSB has a weight of 1/2 of full 
scale (FS): the second bit has a weight of 1/4 FS; and 
the LSB has a weight of 1/8 FS. In general, for an n-bit 
binary number, the MSB still has a weight of 1/2 FS , but 
the LSB has a weight of 2-n FS , that is, an n-bit A/D 
converter defines 2n distinct states. Thus the A/D 
converter provides a resolution of one part in 2n. The 
quantization level of the 12-bit A/D converter with +/-
5v input range in PCL-712 is: 
q=(1/2n)FS=1/212x(5-(-5»=10/4096 (5.12) 
The quantization error is: +/-0.5q = +/-0.00122v 
The A/D converter in PCL-712 Multi-Lab Card is 
successive-approximation type. Its basic conversion 
process is briefly described in Figure 5.15. 
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Figure 5.15 shows the block diagram of a 
successive approximation type AID converter. Basically, 
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2 2 2 
Digital Coded 
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I 
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/ 
/ I 
I 
I 1 
1 I 
..... q......l 
I I 
I I 
I I 
2 2 2 2 / q : 2q 3q I 4q I 5q 6q 7q 
q 
2 
- 2q 
- 3q 
- 4q 
- 5q 
-6q 
-7q 
3q 5q 7q . 9q IIq 13q 
222 22 
Analog Signal A 
q= Quantization level 
Figure 5.14 Relationship between analog signal and digital 
coded signal 
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it consists of a comparator, a DIA converter and some 
associated control logic. 
At the start of the conversion, all the bits of 
the output of the AID are set to zero and the MSB is then 
set to 1. The MSB, which represents one-half of full 
Start 
Conversion 
Analog 
Reference-
t Status 
Clock I 
Control Logic 
and Registers 
II " • 
D/A 
Serial Output 
~.~ 
Analog 
Input 
:>-------' o----------1~ro'or 
Figure 5.15 Principle of a successive approximation AID 
converter 
scale, is then converted by the DIA internally and 
compared with the analog input. If the input is greater 
than the converted MSB, the MSB=1 is left on; otherwise, 
it is set to O. The next significant bit is then turned 
on and the comparison is repeated. The process is 
continued until the 18B has been compared and set, then a 
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status line indicates that comparison is completed and 
the digital output is available for transmission. 
5.4.2 THE METHODS AND DEVICE INTERFACING TO THE 
COMPUTER 
The following devices are used for data 
acquisition. 
(1). PC XT 
(2). PCL-712 
(3). PCLD-780 
IBM compatible. 
Multi-Lab card. 
Wiring Terminal Board 
The PCL-712 Multi-Lab card is a low cost 
multifunction analog/digital I/O card. It provides 16 
single-ended analog inputs with 2 analog outputs, 16 
digital inputs, 16 digital outputs and a programmable 
interval counter. The input range of the A/D converter 
is +/- 5v or +/- 1v. A/D conversion time is less than 30 
microseconds and can be triggered by software, 
programmable pacer or external.pulses. 
The I/O port base address for the PCL-712 is 
selectable by a 5 position DIP switch. Valid addresses 
are from hex 200 to hex 3FO. The manufactory sets hex 
220-22F. 
The PCLD-780 is a universal screw terminal board 
which provides convenient connection points for two 20-
pin flat cable connector ports. The PCLD-780 provides 
straight connections for analog or digital I/O signals 
when it connects to PCL-712 Multi-Lab card with two flat 
ribbon cables. 
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5.4.3 COMPUTER PROGRAMME DESIGN FOR THE EXPERIMENT 
The following form registers are used to perform 
the AID conversion. 
BASE+4: This byte, together with bit 0-3 of the bite 
at BASE+S, forms a 12 bit number which is 
the result of the AID conversion. The number 
can be from 0 to 409S. 
BASE+S: The use of bit 0-3 is described as above. 
4 reflects the status of the conversion, 
O=ready, l=not ready. 
READ Bit 7 6 S 4 3 2 1 0 
BASE+4 D7 D6 DS D4 D3 D2 01 DO 
BASE+S 0 0 o NRDY Dl1 D10 D9 D8 
D11 to DO is AID data 
NRDY: 
1 
BASE+10 
WRITE 
BASE+10 
c3 to cO: 
x: 
BASE+11 
o AID data ready 
AID data not ready 
Bit 0-3 of this register are used 
to select the desired AID channel 
on which the AID conversion will 
be performed. Bit 4-7 are ignored. 
Bit 7 6 S 4 3 2 
x x x x c3 c2 
channel number. 
Don't care. 
Trigger mode control. This 
<reg ister is used to make a 
direct trigger or to enable 
or disable pacer trigger. 
1 0 
cl cO 
Bit 
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WRITE Bit 7 6 5 4 3 2 1 0 
BASE+II X X X X X X TI TO 
TO: 0 No direct trigger. 
1 Make a direct trigger. 
TI: 0 disable pacer trigger. 
1 Enable pacer trigger. 
BASE+I R LSB or MSB of counter 1 
W LSB or MSB of counter 1 
BASE+2 R LSB or MSB of counter 2 
W LSB or MSB of counter 2 
counter 1 and counter 2 are configured to be a pacer to 
offer A/D converter trigger pulses with precise period in 
pacer trigger mode. To enable the pacer, a byte with 
bit 1 is written to set 1 to the register BASE+II. 
BASE+3 Control byte. 
Before loading or reading any of 
the individual counters, the 
control byte mus't be loaded. 
The format of the control byte 
is: 
Bit 7 6 5 4 3 1 o WRITE 
BASE+3 
SCI-O: 
SCI SC2 RLI RLO M2 
2 
MI MO BCD 
Select counter 
SCI SCO Counter 
0 0 0 
0 1 1 
1 0 2 
1 1 Illegal 
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RLI-O: Select the read or load operation 
RLl RLO Operation 
0 0 counter Latch 
0 1 Read/Load LSB 
1 0 Read/Load MSB 
1 1 Read/Load LSB first, 
and then MSB 
M2-0: Select the operating mode 
M2 Ml MO Mode Function 
o 0 0 0 Interrupt on terminal 
o o 
x 1 
x 1 
1 o 
1 o 
1 
o 
1 
o 
1 
count 
1 programmable one slot 
2 Rate Generator 
3 square wave rate 
generator 
4 software triggered 
strobe 
5 hardware triggered 
strobe 
BCD: Selects binary or BCD counting 
BCD Type 
o Binary counter 16-bits 
1 BCD counter 
According to the above, the control byte defines 
counter mode of read or load operation, mode of trigger 
and counting mode (BCD or binary). Further, the sampling 
period and the sampling rate can be calculated as 
follows: 
Sp=(HBl*256+LBl)*(HB2*256+LB2)*O.5 (~s) 
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(5.13) 
Sr=2/«HB1*256+LB1)*(HB2*256+LB2» (MHZ) (5.14) 
If the sampling period is 50 microseconds, then 
LB1=l, HB1=0, LB2=100 and HB2=0. The following programme 
section written in my experimental programme is to sample 
4 AID channels of load and torque (channel 2-5) at the 
sampling rate of 20 KHz. The programme is written in 
Turbo Basic (Appendix 4). 
p%=&H220 base address 
60 for k%=l to sam% sam% is the sampling 
number of each channel 
decided by feed speed 
for ch%=2 to 5 
80 out p%+10,ch% 
out p%+3 &H74 
out p%+l,l 
out p%+l,O 
out p%+3; &Hb4 
out p%+2,lQO 
out p%+2,O 
out p%+11,2 
h%(ch%,k%)=inp(p%+5) 
select the channels 
the control byte selects 
counter 1,loads LSB and 
then MSB, trigger 
mode=2,binary counting. 
LB1=1 
HB1=0 
select counter 2, LSB and 
then MSB,mode=2, binary 
counter 16-bit. 
LB2=100 
HB2=0 
trigger mode control 
read the AID high byte 
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if h%(ch%,k%»=16 then 80 
if h%(ch%,k%)<12 then 80 
1%(ch%,k%)=inp(p%+4) 
next ch% 
next k% 
. 
. 
read the AID low byte 
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CHAPTER SIX: 
EXPERIMENT PROCEDURE 
6.1 MATERIAL 
The material used in this experiment is radiata 
pine purchased from Baigents mill, Eves Valley, Nelson, 
New Zealand. The greensawn timber containing pith is 
dried in a high temperature kiln to a target moisture 
content of 15 percent. 
The clear timber boards are crosscut into 200 to 
500 rom long and then the finger joints are cut and 
assembled according to New Zealand Standard NZ3616:1978. 
(A. Tsehaye, 1989) 
After proof testing, the finger jointed clear 
timber boards are crosscut into two different lengths, 
800 rom and 1200 rom, to eliminate any kind of broken or 
splintered parts caused by the tension and bending test. 
Finally, the timber boards are planed and reduced to 
their final dimension. They are divided into four 
groups. For dimension and treatment parameters of each 
group see Table 6.1 and Table 6.2. 
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6.2 METHODS 
6.2.1 DIGITAL IDENTIFICATION SYSTEM 
A digital identification system set up according 
to all of the experiment factors and designed experiment 
procedures makes the whole experiment reliable and 
accurate. 
The system is used for general purposes, thus, 
some digits are not used in this experiment. The system 
is showed in Table 6.3. 
6.2.2 COMPRESSION ROLLING TREATMENTS 
The compression rolling treatment is carried on 
after a series of compression trials and hardness 
testing. Before compression a small piece of timber 
board is cut off from the end of every timber board for a 
hardness test (shown as Figure 6.1). 
Compression level is set up by adjusting the 
distance between the two compression rollers by means of 
measuring gauges. Every piece of timber board is 
measured to give its length, width, thickness and the 
positions of any finger joints. The result of 
measurement is sketched in the experiment data sheets. 
The moisture content of the timber boards is also 
measured by an electric resistance type moisture meter. 
The values lie between 10.5 - 14.5 percent. 
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Every piece of timber board is compressed at a 
defined compression level, diameter of rollers and feed 
speed according to the Table 6.1 and Table 6.2. The 
load, torque and speed are recorded by the computer 
during compression rolling. After compression, every 
piece of timber board is observed with the naked eye to 
judge any macroscopic change on the surface. A 50 mm 
length section is cut from each piece after compression 
to test hardness. 
6.2.3 MBASURBMBNT OF LOAD AND TORQUB DURING ROLLING 
In order to record the data of load and torque, 
the code of every piece of timber board must be input 
into the computer; the data file for load and torque 
will be set up by running the programme in the computer. 
When a timber board is fed into and contacts the two 
compression rollers, the output voltage of load and 
torque measurement (Wheatstone bridges) increases 
abruptly; the data acquisition and recording programme 
are started by this higher voltage signal. After 
compression the signal is at a lower level, so the data 
acquisition and record are terminated. By running the 
programme in the computer, every piece of timber board is 
given its own data file titled with its own code. It is 
convenient to process and analyse the load and torque 
values after experiment. 
The amount of data in each channel depends on the 
feed speed and the length of timber board. Normally it 
is up to 600 l/s. The values of load and torque are 
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their mean value. 
MEASUREMENT OP HARDNESS OP TIMBER BOARP 
Hardness is measured not only to obtain such 
values but also to compare the hardness change after 
compression. In fact, hardness is measured in order to 
search for the positive result of timber board 
compression rolling process and to observe the effect of 
compression on hardness 
since there is a relationship between hardness and 
density, the degree of densification of timber board can 
be surveyed by observing changes in hardness. 
The hardness measurement is concentrated on the 
comparison of changes in hardness of the compression 
/ 
! 
/ 
I 
I 
.- Control 
Figure 6.1 Specimens of Hardness Test 
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surface. Two small specimens are cut off separately from 
each piece of timber board before and after compression 
(Figure 6.1). These two specimens are matched with each 
other. The choice of testing points is described in 
Figure 6.2. 
For the specimen before compression (specimen 1), 
two testing points are chosen on both surfaces 
I 
..r.::1 
S pe c imen 1 (C on tro 1 ~ pc d;;.<o l. ",vi ir ,Gut C olillrE! S si on) 
Figure 6.2 The positions of testing points in the specimens 
corresponding to compression surface. The points A and B 
are in spring wood. The points C and D are in summer 
wood. For the specimen after compression (specimen 2), 
two testing points are on each of both compression 
surfaces. AI corresponding to A is on spring wood and in 
the same layer as A. C' corresponding to C is on summer 
wood and in the same layer as C. So are the points B' 
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and D'. The testing hardness result of every specimen is 
mean value of values of four point. 
The test method is based on ASTM - Designation: 
D143-83, but the size of specimens and number and 
position of penetrations are modified because of the 
limit of the thickness of timber board and the different 
purpose of testing. A modified Brinell-hardness test 
..... , .. ~ 
----
I 
/ 
/ ; ____ ; __ ib 
i-speCimen 
Stee 1 Block 
Figure 6.3 The Principle of Brinell - hardness test 
-----I 
I 
method is used in this test. A 11.3 rom diameter steel 
ball is penetrated into the surface of the board at 
chosen points (Figure 6.3). The depth of penetration is 
half of the diameter of the steel ball and the loading 
speed is 6 rom/min. They are controlled by the 
microprocessor. 
The hydraulic materials testing machine (Model 
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M200 HVL-1045) is used in this hardness test. It is 
dependable, accurate and flexible for controlled 
materials testing. The automatic control of loading 
speed and penetration stroke is realized by a hydraulic 
pumping system and a microprocessor-based control system. 
The control parameter required is established by keyboard 
input and the testing result is printed out in alpha-
numeric or graph form. 
6.3 METHOD AND PROCEDURE OF DATA PROCESSING 
Data are processed in the computer. The IBM SAS 
and Lotus are used for data processing. 
1. The data file of load and torque for each piece of 
timber board is withdrawn and reproduced. The data 
are listed in the table and drawn X-V graph to 
observe the range and change of load and torque 
against time during compression. 
2. The maximum, minimum and mean values of each 
dynamometer are calculated. 
3. The mean value of mean values of two load 
dynamometers and the mean value of mean values of 
two torque dynamometers are calculated. 
4. The hardness values of both specimens from each 
timber board are calculated. These values are used 
for comparing the hardness changes and observing a 
relationship with load. 
5. All of the data processed is listed in the Chapter 
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7 and Appendix 4 as well. 
6. These data are graphed and used for regression' 
analysis. 
The analysis results of the experiment and graphs 
will be described in Chapter Seven. 
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Table 6.1 Treatment Factors (1) 
TREATMENT FACTORS DIMENSION OF TIMBER BOARDS 
ITEM VALUES 1200X85X25 800X85X25 
Speed 2000 
* 
(mm/s) 2500 
* 
3000 
* 
3500 
* 
compression 10 
* * 
Level (%) 15 
* * 
Diameter of 206.8 
* * 
Rollers (mm) 
Feed without 
* * 
Condition Feed Rollers 
Wood Maturity Unidentified 
* * 
Replicate 5 *. * 
NOTE: 
1. This table is used in first experiment only. 
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Table 6.2 Treatment Factors (2) 
TREATMENT FACTORS DIMENSION OF TIMBER BOARDS 
ITEM VALUE 1200x85x33 800x85x33 
Speed 1000 
* 
(mmjs) 1500 .. 
2000 
* 
2500 
* 
3000 
* 
3500 
* 
Compression 5 
* * 
Level 7 
* * 
(%) 10 
* * 
13 
* * 
15 
* * 
17 
* * 
20 
* * 
Diameter of 206.8 
* * 
Rollers (mm) 
Feed without 
* * 
Condition Feed Rollers 
Wood Maturity Unidentified 
* * 
Replicate 6 
* * 
NOTE: 
1. This table is used in the second experiment only. 
2. The timber boards distribute as follows: 
126 pieces: 800x85x33 rom 126 pieces: 1200x85x33 rom 
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Table 6.3 Numerical Identification System of the Board 
DIGIT TREATMENT FACTORS NUMBER VALUE 
1 Feed Speed (romjs) 1 1000 
2 1500 
3 2000 
4 2400 
5 2500 
6 3000 
7 3500 
2 Compression 0 0 
Level (%) 1 5 
2 7 
3 10 
4 13 
5 15 
6 17 
7 20 
3 Diameter of Roller 1 206.8 
(rom) 2 116 
4 Feed Condition 1 with Feed Rollers 
2 No Feed Rollers 
5 Wood Maturity 1 Sapwood 
2 Heartwood 
3 Unidentified 
6 Replicate 0,1, •••. 9 
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CHAPTER SEVEN: 
RESULTS OF THE EXPERIMENTS 
7.1 THE MEASURING RESULTS OF COMPRESSION ROLLING OF 
TIMBER BOARDS 
The results of the experiments are divided into 
two groups: 
1. The first group data result is produced from the 
first group of experiment. The load and torque are 
mean values. The results of the first group data 
are shown in Table 7.1. 
2. The results of the second group of data are listed 
in Table 7.2. The experiment condition is as 
follows: 
(1) The thickness of timber board is 33 rom. 
(2) The width of timber board is 85 rom. 
(3) The moisture content is 12%-15%. 
(4) The diameter of the compression rollers is 206.8 mm. 
Each load or torque in the table is a mean value 
of six piece of timber boards under the same compression 
level and feed speed. So is the hardness value. Each 
original reading of hardness is from the last section of 
each timber board before compression rolling. 
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7.2 HARDNESS CHANGES DURING COMPRESSION ROLLING 
The results of hardness testing are summarised in 
Table 7.3. The data are produced from the second group 
of experiments. The change of hardness can be indicated 
and estimated by a hardness coefficient, that is, 
where q is the hardness coefficient 
H1 is the hardness of the control specimen 
before compression 
H2 is the hardness of the specimens after 
compression treatment 
q represents the percent of decrease of hardness if the 
value is negative. q represents the percent of increase 
of hardness if the value is positive. 
7.3 RELATIONSHIP BETWEEN MECHANICAL PROPERTIES AND 
TREATMENT CONDITIONS 
The analysis results of the experiments are listed 
in Table A.4.1 and Table A.4.2. Table A.4.1 is the 
analysis results of the first group of experiments. The 
data analysis results of the second group experiments are 
shown in Table A.4.2. On the basis of the mathematical 
model in Chapter 3, after taking the logarithm of load, 
compression level, hardness and speed, the multiple 
regression analysis is considered to compare equation 
(3.40). The analysis results indicate: The experiment 
data is approached to the mathematical model. It is 
estimated by R squared (coefficient of determination). 
The value of R squared is from 0 to 1. The more R 
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squared approaches to I, the more the experiment data 
close to the theoretical model (Maxwell, 1983) • 
Referring to Table A.4.1 and Table A.4.2 of Appendix 4, R 
squared is 0.804 for first group experiment and 0.953 for 
second experiment. The results of analysis indicate: 
There is a higher fit between the experiments and the 
theoretical model. Since the timber board is an 
inhomogeneous material, the changes of mechanical 
properties are found in timber board. Thus, during 
processing the data of the experiments, this factor must 
be considered. 
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TABLE 7.1 RESULTS OF EXPERIMENT (1) 
------------------------------------------------------------COMPRESSION SPEED HARDNESS LOAD TORQUE 
(%) (MIS) (Kg) (KN) (Kg.M) 
------------------------------------------------------------10 2.0 172.5 20.02 8.14 
10 2.0 185.0 23.25 8.51 
10 2.0 195.0 20.72 6.28 
10 2.0 210.0 27.26 10.23 
10 2.0 216.0 26.00 10.32 
10 2.5 180.0 18.11 6.28 
10 2.5 205.0 21.40 7.25 
10 2.5 235.0 25.40 8.85 
10 2.5 252.5 28.62 10.85 
10 2.5 285.0 30.77 12.28 
10 3.0 177.5 17.75 10.14 
10 3.0 180.0 18.59 10.67 
10 3.0 182.5 18.87 10.30 
10 3.0 195.0 19.44 11.53 
10 3.0 237.5 19.91 11.66 
10 3.5 162.5 12.61 5.20 
10 3.5 200.0 18.79 8.67 
10 3.5 247.5 18.84 12.11 
10 3.5 250.0 20.07 13.26 
10 3.5 262.5 20.10 12.52 
15 2.0 167.5 28.91 13.85 
15 2.0 210.0 29.51 14.35 
15 2.0 212.5 29.33 14.46 
15 2.0 245.0 29.99 14.53 
15 2.0 255.0 31.36 16.98 
15 2.5 165.0 27.74 13.43 
15 2.5 187.5 28.74 13.56 
15 2.5 200.0 28.98 14.62 
15 2.5 222.5 29.44 14.89 
15 2.5 230.0 29.53 14.97 
15 3.0 192.5 28.77 20.75 
15 3.0 225.0 31.08 20.92 
15 3.0 240.0 31.54 14.72 
15 3.0 242.5 29.84 16.39 
15 3.0 307.5 32.33 17.69 
15 3.5 175.0 26.05 13.96 
15 3.5 192.5 29.50 12.95 
15 3.5 192.5 29.75 15.05 
15 3.5. 212.5 29.27 14.07 
15 3.5 237.5 32.56 16.79 
------------------------------------------------------------
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TABLE 7.2 RESULTS OF THE EXPERIMEMT (2) 
-------------------------------------------------------COMPRESS HARDNESS SPEED LOAD TORQUE (%) (Kg) (m/s) (KN) (Kg*M) 
--------------------------------------------- ---------
5 236.0 1.0 18.3 7.9 
5 238.0 1.5 18.4 8.1 
5 196.0 2.0 16.5 4.3 
5 219.0 2.5 17.9 6.9 
5 194.0 3.0 16.1 4.9 
5 226.0 3.5 18.1 6.3 
7 225.0 1.0 18.9 7.7 
7 189.5 1.5 17 .9 5.7 
7 203.5 2.0 18.4 7.8 
7 196.5 2.5 18.1 6.1 
7 231.0 3.0 19.1 8.0 
7 217.0 3.5 18.6 6.9 
10 217.5 1.0 26.2 10.4 
10 203.5 1.5 24.5 8.9 
10 196.7 2.0 22.4 7.6 
10 231.5 2.5 27.9 13.2 
10 198.5 3.0 23.2 8.1 
10 224.5 3.5 27.1 12.1 
13 226.5 1.0 26.9 16.9 
13 189.0 1.5 24.2 11.1 
13 227.5 2.0 27.1 13.2 
13 235.0 2.5 27.7 13.8 
13 213.5 3.0 24.3 11.9 
13 243.5 3.5 28.6 15.4 
15 198.0 1.0 26.1 15.1 
15 235.0 1.5 30.0 18.4 
15 213.0 2.0 29.3 16.6 
15 201.0 2.5 28.7 15.4 
15 241.5 3.0 30.1 17.9 
15 202.0 3.5 29.1 15.9 
17 224.5 1.0 33.5 20.9 
17 243.0 1.5 34.1 21.7 
17 187.5 2.0 31.6 17.9 
17 218.5 2.5 33.3 19.4 
17 237.0 3.0 33.7 22.8 
17 204.0 3.5 32.8 17.2 
20 184.0 1.0 34.0 20.3 
20 199.5 1.5 36.4 21.8 
20 189.5 2.0 35.7 21.1 
20 229.0 2.5 36.9 22.7 
20 235.0 3.0 37.1 23.4 
20 217.0 3.5 36.8 23.7 
-------------------------------------------------------
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TABLE 7.3 RESULTS OF HARDNESS TESTING 
-----------------------------------------------------------------------
COMPRESS ION S% 7% 10% 13% 15% 17% 20% 
-----------------------------------------------------------------------Hardness Value of Control Samples Before Compression 
1 236.0 22S.0 217.5 226.5 198.0 224.S 184.0 
1.S 238.0 189.S 203.5 189.0 23S.0 243.0 199.S 
2 196.0 243.5 196.7 227.S 213.0 187.S 189.S 
2.S 219.0 196.S 231.S 23S.0 201.0 218.S 229.0 
3 194.0 231.0 198.5 213.5 241.5 237.0 235.0 
3.5 226.0 217.0 224.5 243.5 202.0 204.0 217 .0 
S 
----------------------------------------------------------------
Hardness Value of the Samples after Compression 
P 
1 234.5 225.0 209.0 228.0 204.0 233.5 191.0 
E 1.S 236.0 187.0 197.5 191.0 244.0 256.0 203.5 
2 192.5 244.0 189.0 228.0 221.5 198.5 187.5 
E 2.S 220.0 195.0 236.5 239.0 211. S 231.0 223.0 
3 193.S 234.0 193.0 220.0 257.0 261.0 230.5 
3.5 226.5 215.0 221.0 248.0 207.0 221.0 219.5 
D 
----------------------------------------------------------------
Hardness Coefficient q ( % ) 
m/s 
1 -0.64 0.00 -3.91 0.66 3.03 4.01 3.80 
1.5 -0.84 -1.32 -2.95 1.06 3.83 5.35 2.01 
2 -1.79 0.21 -3.91 0.22 3.99 5.87 -1.06 
2.5 0.46 -0.76 2.16 1. 70 5.22 ... 5.72 -2.62 
3 -0.26 1.30 -2.77 3.04 6.42 10.13 -1. 91 
3.5 0.22 -0.92 -1.S6 1.85 2.48 8.33 1.15 
lOS 
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Figure 7.3.1 Relationship between Hardness and Load 
1. The thickness of timber board is 25mm. 
2. Compression level is 10%. 
3. Feed speed is 2.5 m/s. 
4. Hardness values are mean values of each timber 
board after compression rolling. 
5. Load values are mean value of each timber 
board. 
6. Moisture content is 12% -14%. 
Figure 7.3.1 
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Figure 7.3.2 Relationship between Hardness and Torque 
1. The thickness of timber board is 25mm. 
2. Compression level is 10%. 
3. Feed speed is 2.5 m/s. 
4. Hardness values are mean values of each timber 
board after compression rolling. 
5. Torque values are mean values of two 
compression rolling motors for each timber 
board. 
6. Moisture content is 12% - 14%. 
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Figure 7.3.3 Relationship between Hardness and Load 
1. The thickness of timber board is 25mm. 
2. compression level is 15%. 
3. Feed speed is 2.5 m/s. 
4. Hardness values are mean values of each timber 
board after compression rolling. 
5. Load values are mean value of each timber 
board. 
6. Moisture content is 12% -14%. 
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Figure 7.3.3 
Relationship between Hardness and load (h=25mm, Com.=10, Sp.=3m/s) 
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Figure 7.3.4 Relationship between Hardness and Torque 
1. The compression level is 15%. 
2. The thickness of timber board is 2Smm. 
3. Feed speed is 2.5 m/s. 
4. Hardness values are mean values of each timber 
board after compression rolling. 
5. Torque values are mean values of two 
compression rolling motors for each timber 
board. 
6. Moisture content is 12% - 14%. 
FigUlI'~ T.3. 4 
Relationship between Hardness and Torque (h=25mm. Com=15 per cent, Sp=2.5m/s) 
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Figure 7.3.5 <a' Bffect of Compression on Load 
1. The thickness of the timber board is 33mm. 
2. Moisture content is 11.5% -14%. 
3. The feed speed and hardness are mean values. 
4. The load values are mean values under the same 
compression level. 
Figure 7.3.5 (a) 
Effect of Compression on Load (h=33mm) 
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Figure 7.3.5 (b) Effect of compression on Torque 
1. The thickness of the timber board is 33mm. 
2. Moisture content is 11.5% -14%. 
3. The feed speed and hardness are mean values. 
4. The torque is mean value under the same 
compression level. 
7.3 .. 5 (b) 
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Figure 7.3.6 (a) Effect of speed on Load 
1. The thickness of the timber board is 25mm. 
2. The compression level is 15%. 
3. The range of hardness is from 230 to 255 (Kg). 
4. Moisture content is 12% - 14%. 
5. The load values are mean values under the 
different feed speed and 15% compression level. 
Figure 7.3.6 (8.) 
The Effect of Feed Speed (c=15 percent, Hardness=230- 255Kg) 
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Figure 7.3.6 (b) Effect of Feed speed on Torque 
1. The treatment conditions are same as 
Figure 7.3.6 (a). 
2. The torque values are mean values under the 
different feed speed and 15% compression level. 
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Figure 7.3.7 (A) Effect of Hardness on Load 
1. The data is from the first group of the 
experiment. 
2. The hardness values are mean values of each 
timber board after compression rolling. 
3. The load values are mean values of each timber 
board. 
4. The thickness of timber board is 25mm. 
5. Moisture content is 12 -14%. 
6. The compression level is 10% or 15%. 
7. The feed speed is from 2m/s to 3.5 m/s. 
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Fiqure 7.3.7 (B) Effect of Hardness on Torque 
1. The hardness values are mean values of each 
timber board after compression rolling. 
2. The torque values are mean values of each 
timber board. 
3. The thickness of timber board is 25mm. 
4. Moisture content is 12 -14%. 
5. The compression level is 10% or 15%. 
6. The feed speed is from 2m/s to 3.5 m/s. 
Figure 7.3.7(8) EFFECT OF HARDNESS ON TORQUE 
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Figure 7.3.8 (A) (B) Distribution of Hardness Coefficient 
1. The data are calculated from the second 
experiment. 
2. The hardness values are mean values of six 
piece of timber boards under the same 
compression level and feed speed. 
3. Each original hardness reading is from each the 
last section of each timber board before or 
after compression rolling. 
4. The thickness of timber board is 33mm. 
5. Moisture content is 11.5% - 14%. 
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CHAPTER EIGHT: 
DISCUSSION AND CONCLUSION 
8.1 THE EVALUATION AND COMPARISON or THE RESULTS 
This experiment and data analysis concentrate on 
the physical and mechanical properties of timber boards 
during compression rolling. 
The analysis results indicate: The experiment data 
is approached to the mathematical model. It is estimated 
by R squared (coefficient of determination). The value 
of R squared is from 0 to 1 (Maxwell, 1983). The more R 
squared approaches to 1, the more the experiment data 
close to the theoretical model. Referring to Table A.4.1 
and Table A.4.2 of Appendix 4, R squared is 0.804 for 
first group experiments and 0.953 for second experiments. 
The theoretical model of compression rolling of timber 
board is similar to the results of data analysis. 
Correlation analysis of the results of experiments 
indicates: The regression model based on the equation 
(3.40) is highly correlated. It means these variables 
exhibit a strong linear relationship. ThUS, the equation 
(3.40) can be considered to represent correctly the 
inter-relationship of mechanical properties of timber 
board during compression rolling. 
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The mechanical properties of the timber board 
displayed during compression rolling are discussed as 
follows: 
Figure 7.3.1 indicates the relationship between 
hardness and load. The compression load increases while 
the hardness of timber increases. The range of the load 
values is quite large because the range of hardness of 
the timber is large. Comparing the effect of feed speed 
on the load during rolling, the effect produced by the 
mechanical properties of the timber itself is much 
noticeable. Thus, the mechanical properties of the 
timber is principal factor while considering and 
calculating the load. 
Figure 7.3.2 indicates the same result: The torque 
increases while the hardness of timber increases. It is 
likely that the torque is linear with the hardness of the 
timber at the speed 2.5m/s and 10% compression level. 
Figure 7.3.3 displays the same relationship 
between hardness and load as Figure 7.3.1 and expresses 
another fact: The range of compression load decreases 
because the hardness of timber decreases. 
Figure 7.3.4 indicates the same relationship 
between hardness and torque as Figure 7.3.2. In the same 
way. the range of torque decreases since the range of 
hardness of the. timber decreases. 
Figure 7.3.5 expresses roughly the effect of 
compression level on the load. The load increases while 
compression level increases. Because the effect of the 
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hardness of the timber, it is hardly to get exact graph 
to express the relationship between compression level and 
the load. Figure 7.3.5 (A) is produced under the range 
of hardness values from 184Kg to 243.5Kg. In Figure 
7.3.5 (B), it is likely that the torque is linear with 
the compression level. 
Figure 7.3 6 (A) and (B) indicate a tendency: The 
load and torque slightly decrease while the feed speed 
increase. It can be explained as the effect Of elastic 
recovery rate. This phenomenon happens when the elastic 
recovery rate of the timber is slower than feed speed 
(refer to Figure 3.6). 
Figure 7.3.7 (A) is scatter diagram which is 
produced by load values in different hardness of timber. 
This scatter diagram expresses the distribution of 
hardness and load under the different compression level 
and different feed speed. From Figure 7.3.7 (A), we can 
observe this tendency: The load increases while hardness 
of timber increases. 
The scatter diagram Figure 7.3.7 (B) presents the 
same tendency: The torque increases while hardness of 
timber increases. 
Figure 7.3.8 (A) displays the hardness change with 
different compression level. The change is indicated and 
estimated by the hardness coefficient which has been 
defined in Chapter Seven. The coefficient represents 
either the percent of decrease of hardness if the value 
is negative or the percent of increase of hardness if the 
131 
value is positive. From Figure 7.3.8 (A), it is quite 
easy to observe that the hardness of the timber after 
compression obviously increases when the compression 
level is within 13% - 17%. The hardness of timber after 
rolling does not obviously change when the compression 
level is 5%, 7%, 10% and 20%. It can be explained as 
follows: 
1. The densification and plastic deformation do not 
obviously occur on the surface of the timber board 
since lower compression level, so there is not 
obvious change on the hardness of the timber after 
compression rolling. 
2. The hardness of the timber increases since the 
densification and slight plastic deformation occur 
on the surface of the timber board while the 
compression level increases to 13%. 
3. The hardness of the timber slightly decreases 
(comparing with the increased hardness values) since 
the splits and resin expellation occur on the 
surface of the timber board while the compression 
level further increases up to 20% 
The resin is concentrated and expelled on the 
surface of timber board under the condition of high 
compression level (20%) and high speed(over 3000mm/s). 
The expelled resin can be found under the following 
conditions: 
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1. Medium compression level and highest speed 
(compression=17%, speed =3.5m/s). 
2. High compression level and whole range of speeds 
(compression=20%, speed=lm/s-3.5m/s). 
It indicates: The properties of timber boards are 
affected by both compression level and feed speed of the 
timber board. Being accompanied by resin expellation, 
the local split and damaged resin pocket can be found. 
8.2 CONCLUSION 
1. The more accurate measurement of the parameters and 
the experiment data acquisition are realized by 
using the computer. 
2. During compression rolling, the measuring results 
of the mechanical properties of the timber boards 
are in accord with theoretical analysis. The 
compression level, the feed speed and the properti~s 
of the timber board and compression load have the 
relationship as follows: 
(3.39) 
3. The compression level is an important factor during 
compression rolling procedure. The surface of the 
timber boards and properties are not obviously 
changed if'the compression level is less than 10% 
(moisture content 11.5 - 14%, thickness of timber 25 
rom or 33 rom), but are changed in a small degree when 
the compression level increases from 10% to 17%%. 
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There is some macroscopic damage -- splitting and 
resin condensation on the surface of timber boards 
when the compression level is more than 17%. 
4. Through these experiments, the creep behaviour of 
timber boards is found. At a certain critical 
speed, when feed speed increases the load slightly 
decreases under the same compression level (Figure 
7.3.6 (A) and (B». It indicates: The recovery of 
the timber boards during compression rolling is a 
function of time. The load decreases when the feed 
speed is greater than the rate of recovery of the 
timber boards during compression rolling. 
5. The hardness on the surface of the timber board is 
increased to some degree when the compression level 
is over 13%, but under the 20% compression level, 
the hardness values tend to decrease as a result of 
surface damage of the timber board. The change of 
hardness during compression rolling indicates: The 
improvement of surface quality in the timber boards 
- surface densification or increase of hardness can 
be realized by compression rolling at a suitable 
compression level. It is necessary for some usages, 
such as for floor and for some furniture. 
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8.3 THE PROSPECTIVE RESEARCH FIELD OF COMPRESSION 
ROLLING 
8.3.1 FROM CLEAR WOOD TO COMMERCIAL GRADE TIMBER 
BOARD 
Up to now, traditional testing method, such as 
ASTM - Designation: 0143-83, is still used in experiments 
on the test of properties of wood. That is, the strength 
properties of wood are determined by testing the small 
specimens of clear defect-free wood. Consequently, the 
clear defect-free wood is used in almost all of the 
experiments on improving the properties of wood. But in 
practice, there are considerable differences between the 
clear defect-free wood and timber which contains natural 
growth characteristics such as knots. These differences 
have been found by a number of scientists and researchers 
(Bohannan, 1966, Barrett, 1974 and Buchanan, 1983). 
Any material can exhibit behaviour somewhere 
between the two extremes of perfectly brittle and 
perfectly ductile behaviour. However, the timber as a 
natural material with macroscopic flaws (knots, slope of 
grain, compression wood and splits, etc) more approaches 
to brittle material than clear defect-free wood. This 
phenomenon is verified by comparing the failure mode in 
bending between clear wood and timber. 
straight-grained wood is stronger in tension than 
in compression, so failure in bending occurs in the 
compression zone where small visible wrinkles develop 
prior to final failure. Timber, on the other hand, often 
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contains knots in the tension zone, making it much weaker 
in tension than in compression. This causes failures to 
occur in the tension zone with a brittle fracture before 
any ductile compression yielding develops (Madsen and 
Buchanan 1986). 
Since brittle fracture behaviour governs changes 
in the strength of the timber, it is necessary to 
understand the behaviour of compression rolling of large 
size timber board with macroscopic defects and effect of 
knots. Thus further research should be concentrated on 
compression rolling of large size commercial timber and 
test of mechanical properties by in-grade testing. 
8.3.2 KNOT EFFECT AND STRENGTH BEHAVIOUR DURING 
COMPRESSION 
In the application of commercial timber, it is 
necessary to consider the effect of knots. Since the 
strength of knots itself affects the strength of timber 
and most of the weakest links of timber are concentrated 
on the zone of knots, the change of strength and form of 
knots during compression rolling should be investigated 
in further research. 
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•• 3.3 STUDIES ON THE PQSSIBILITY or IMPREGNATING 
TIMBER USING THE VACUUM OCCURRING DURING THE 
DECOMPRESSION PHASE. 
It has been suggested that the vacuum presented in 
the timber during instantaneous and delayed recovery 
could be used to introduce solutions into the timber for 
different purposes (Gunzerodt, 1985). 
This possibility is not investigated in the 
present study, but we believe that a improvement of 
intake and penetration can be achieved to a certain 
degree due to compression rolling-induced temporary 
pressure gradient, which can be great enough to produce 
sufficient transverse flow. 
8.3.4 STUDIES ON POSSIBILITY OF APPLICATION IN 
PLYWOOD OR DECORATE VENEER 
Previous researches on compression rolling of 
timber boards have more or less indicated that 
compression rolling effects are mainly concentrated on 
the surfaces of timber boards. The process of 
compression rolling of the timber board can be considered 
as a surface treatment process. Thus, the effect of 
compression on thin timber board is greater than that on 
thick timber board. According to this fact, it would be 
possible to apply the process of compression rolling into 
plywood production technology to decrease the drying time 
and to increase the surface quality of plywood. 
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Figure 8.1 shows this process, further 
investigation and studies need to be done to verify this 
conjecture. 
Pre-treat- . 
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Figure 8.1 Proposed Flowsheet in Production of the Plywood 
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APPENDIX 
APPENDIX 1 PRINCIPLE OF THE RESISTANCE-TYPE STRAIN 
GAUGE 
The electrical resistance-type strain gauges used 
for measuring the torques and the loads in the research 
are thin metal-foil grids that are adhesively bonded to 
the surface of the load beams and the torque arms. When 
the load beams and the torque arms are loaded, the 
strains develop and are transmitted to the foil grid. 
The resistance of the foil grid changes in proportion to 
the load-induced strain. The principle can be explained 
as follows: 
The resistance R of a uniform metallic conductor 
can be expressed as, 
where 
R = (l x 1)/A (A.l.l) 
l is the specific resistance of the metal 
I is the length of the conductor 
A is the cross-sectional area of the conductor 
Differentiating Equation (A.l.l) and dividing by the 
resistance R gives: 
dR/R = dlll + dIll - dA/A (A.l.2) 
The term dA represents the change in cross-
sectional area of the conductor resulting from the 
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applied load. For the case oD a uniaxial stress state, 
recall that, 
E"a = dIll (A.lo3) 
E"t = -r x E"a = -r x dIll (A.lo4) 
where E"a is the axial strain in the conductor. 
E"t is the transverse strain. 
r is Poisson's ratio of the metal used for the 
conductor. 
If the diameter of the conductor before 
application of the axial strain is do, the diameter of 
the conductor after strain is expressed: 
df = dO x (1 - r x dIll) (A.l.5) 
From Equation (A.l.5), it is clear that, 
Neglecting the higher-order term yields, 
dA/A ~ -2r x dIll (A.lo7) 
(A.lo6) 
substituting Equation (A.l.7) into Equation (A.l.2) and 
simplifying yields, 
dR/R ~ d~/l + dl/lx(1+2r) (A.l.S) 
which can be written as, 
sA = (dR/R)/Ya = (dl/~)/Ya + (1+20) (A.l.9) 
The quantity SA is defined as the sensitivity of the 
metal used for a conductor. 
Finally, the electrical resistance-type strain 
gauge exhibits a resistance change IR/R, that is related 
to the strain E" in the direction of the grid lines by the 
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expression, 
AR/R = GF x e (A.1.10) 
where GF is the gauge factor 
The gauge factor GF is always less than the 
sensitivity of the metallic alloy SA because the grid 
configuration of the gauge is less responsive to strain 
than a straight uniform conductor. 
The output AR/R of the strain gauge is converted 
into a voltage signal with a Wheatstone bridge. 
APPENDIX 2: THE SELECTION AND INSTALLATION OF THE 
STRAIN GAUGES 
A.2.1 THE CONSIDERATION OF SELECTION 
To choose the type of strain gauges used for 
measuring the torque and the load and its installation 
method the following factors are considered: 
1. The material and geometry of the torque arms and 
load beams should be considered. 
2. The temperature and humidity environment should be 
considered. 
3. The gauge length and width should be small so that 
the measurement approximates strain at a point. 
4. The inertia of the gauge must be minimal to permit 
the recording of high-frequency dynamic strains. 
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S. The gauge factor, gauge resistance and the measured 
strain range also should be considered. 
6. The response or output of the strain gauge should be 
linear over the entire strain range of the gauge. 
7. The calibration constant for the strain gauge should 
be stable with respect to both temperature and time. 
8. The measuring accuracy of the strain gauge should be 
considered. 
9. The strain gauge should be economical. 
The electric resistance-type strain gauges KFC-S-
Cl-ll are selected according to the criteria above-
mentioned. 
A.2.2 SPECIFICATION 
The strain gauges used for measuring the torque 
and the load are KYOWA type KFC-S-Cl-l1. The code for 
the strain gauges, extracted from the manufacturer 
catalogue, is given in Table A.2.1. 
The specifications of KFC-S-Cl-11 type strain 
gauge is as follows: 
Gauge Resistance 120.0 ± 0.3 n 
Gauge Factor 2.11 ± 1% 
Adoptable Therm~l Expansion 10.8 PPM/oC 
Gauge Length S rom 
Gauge Factor Change with 
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TABLE A.2.1 
KYOWA Strain Gage Coding System 
r-------------Gago Pallllrn 
Gage Resistanco in ohms._ 
(but no indication lor 120 ohms) 
Thermal Expansion Co.Hieient of 
r- SE1.COM gilge compatible matorial 
Lead Wire PrOlli.ion. ligures 
indh:ato Iud wire length in 
l ntimlUln. but no indica· Gago Length in millimuer$l tion is givln for gagv lead only. Resinillo Material J.Lead-Wir. & Bne Materiall . I No indi<:~tion for Clissiti<:ation ::Z·ind • ...., Ir. _..J.... __ '-- _ '-
KFC 
KFR 
KfO 
KC 
K 
KP 
KFL 
KFH 
KFA 
KH 
KfE 
KLM 
KL 
KF\/'l 
KFN 
KBN 
KFS 
KM 
KFF 
KSP 
KSN 
KFC-5-350-C1·11 .. L30-3 
~ ~ TL..--_----.1 
: Foil Phost" Gag. 
: Foil Strain GO\lO IG8n. 
.r~1) 
: Foil Polyimidl Gage 
: Ph.n.r G 091 
: Pap.r Gage 
: Polv.ner Gage 
: Foil SIr.ln Gago 
Itor low temper.tura' 
: Fail Strain G.\IO 
I'or high tomp.ralu .... l 
: High Tlmp.nltura FOil 
Slraln GAQ' 
: High T .mpor atura Gage 
: H ign E longllion Fail 
Gago 
, Ullra High Elongllion 
Gage 
: High Elongation G.g. 
: Watar.proofed Gag .. 
: Non.indu~(I"" Gage 
: Non·ntagnlto-re,iltiva 
• Gaga 
: Shi.ldod G.ge 
: Ernbeddm.nt Gage 
: Slnding $train Gag. 
: Gon.,.!-c:>urpose S.m;. 
cond lJ~tor G oge 
: SoU·temp.facu" Cam-
pensacing S.midonduc-
lot Gag" 
A1 : Uni·ni., 
A4 : Uni •• "ial 
A9 : Uni4xi.a' 
B2 : B i."iol. 90" ",ouod 
84 : Tfiaxii1~f 
45"'90' crouod 
Cl :Uni· ... ;al 
C9 : Uni·;lxill 
Inon·induct;".' 
ell: tar .uni-&l<ial bending 
strAin 
el2: tar uni'AlIial bending 
sHain 
01 :Biui.l. !lo" 
02 : Biulal. 90" 
Ol : Triui.l. 45·190" 
04 : Trl."i.I, 60" 
06 : """iol, 'JO'/90" 
09 : Unl·adal. S ... lemtnt 
016: Biaxial. go" ",ouod 
017, Triaxial. 
45"90" Cl'ouod 
019: Uni-axlal. S-<tlomonl 
020'. Blulal. 90" 
Inon·inducti". typo) 
011; Bla.i.I, 90· 
02:1.: Triilll.,. 45'/90' 
025: Tri •• ial. 45'/90' 
U 
'. ~~:~~:h .ndt 
5 : lor wood 
IS.O J( 10-' reI 
2.8ppmrF 
11: lor connruction n ... 
110.8 • 10-' tel 
6ppm(' F 
16: tor n.inl ... ne.1 
t 16.2 ~ 10 -, r e) 
9ppmrF 
23: lor Alyminum Jlloy 
12:1.4 • 10 -. r el 
l:lppmrF 
21: for mAgnesium 
1:11.0)( lo"re) 
lSppml"F 
1:4 : Uni·a"i.1 KSPH :High Output li5 : Unl.axial, I.ed. both Semiconductor Gag. 
..nds (w,thoul b.ck. KSPL : Ultra High Linearity Ingl S.miconductor Ga\jli f2 Unl· .. lol. 2-tlamlnl KSPC : S.nllt'"i'vCQmpon ... ,. FJ B i.,. ial, 90" 
ed S.miCOndetor Gag. G3 Unl .•• ial,2 •• 'ement, 
ACliv. & Oummv 
G4 Unl .. "I •• 
Hl Un; •• "I •• 
H2 Unl-."ial, 3 Iud wlr. 
Jl Un; •••••• 
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A.2.3 INSTALLATION 
The following procedures for bonding the strain 
gauge are adopted: 
1. The surfaces of the torque arms and the load beams 
in the areas where the strain gauges are to be 
positioned must be carefully cleaned to remove rust. 
2. The areas are sanded to obtain a smooth but not 
highly polished surface. 
3. Following this, the area is thoroughly cleaned with 
trichloroethylene and LOCTITE Quick Clean 703 to 
eliminate all traces of oil and grease. 
4. The surface area is smeared the LOCTITE affinity 
solution to give them the proper chemical affinity 
for the adhesive. 
5. The gauge location is marked on the surface area 
with very light scribe line. 
6. The strain gauge is positioned by using a rigid 
transparent tape in the manner illustrated in Figure 
A.2.1. 
7. A layer of cyanoacrylate (LOCTITE PRISM 401 General 
Purpose Instant Adhesive) is smeared on the surface 
area. 
8. The position and orientation of the gauge are 
maintained by the tape while the gauge is pressed on 
to the surface area by squeezing out the excess 
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adhesive. 
9. When the gauge is installed, the adhesive is then 
exposed to pressure for a suitable length of time to 
ensure a complete cure. 
10. The gauge leads are joined to the lead wires by 
Figure A.l.' Tape method for installing the electrical 
resistance strain gauge on the surface area 
soldering. 
11. After. the adhesive is completely cured, the 
gauge is waterproofed with a light overcoating of 
EXPANDITE Silaflex RTV Fast Curing Silicone Sealant. 
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12. Finally, the lead wires are attached to the 
terminal blocks in the Wheatstone bridge. 
APPENDIX 3: REFERENCE ON HYDRAULIC SYSTEM 
1. In hydraulic system, the hydraulic oil is supplied 
by the VPT 3333 Hydrostatic Transmission Primary 
unit to drive the hydraulic motors. 
The specifications are as follows: 
PRIMARY UNIT: 
Displacement 
Maximum delivery/1000 rpm 
Maximum speed 
Maximum operating pressure 
Maximum power input(3000rpm) 
Control trunnion operating 
torque 
Maximum pump case pressure 
CHARGE PUMP 
Displacement 
delivery / 1000 rpm 
operating Pressure 
0.033 l/rev 
33 l/min 
3000 r.p.m. 
30 MPa 
22 kw 
10 Nm / 10 MPa 
0.3 MPa 
0.031 l/rev 
31 l/min 
0.4 MPa 
2. Char-Lynn 2000 Series low speed, high torque 
hydraulic motors are used for driving both 
compression rollers and feed rollers. 
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The specifications are as follows: 
Displacement 14.9 cu.in./rev 
Dimension of the shaft 1.25" 
Flow (GPM) continuous 20 
Peak 25 
Speed continuous 300 
(RPM) Peak 365 
Torque continuous 3400 
(lb. in.) Peak 4250 
Pressure continuous 1600 
(p.s.i.) Peak 2000 
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RESULTS OF THE DATA ANALYSIS OF 
REGRESSION CONDITION IS~ 
First Independent Variable is: L.n ( dl""! ) 
Second Independent Variable is: L,n 
': H ) 
Third Independent Variable is: I_n (\,l) 
Dependent Variable is: L'n ( I ) ... 
RGgression Output: 
CDnstant -0.42573715 
Std Err of Y Est 0.105767424 
R Squared 0.803593080 
No. of Observations 40 
Degrees of Freedom 36 
X Ccq,:·'ff i r: i e'n'!:. (~,) 
E;t,,:1 EY"r' cd:' COt;:~'f. 
0.834493949 0.561540907 -0.30095897 
0.082665881 0.109038442 0.080294016 
REGRESSION CONDITION IS: 
First Independent Variable is: 
Second Independent Variable is: 
Third Independent Variable iSG 
endont Variable is: 
Regression Output: 
[: C< )"', L'S t ii'\ n t 
Std Err of Y Est 
f~: Eiq U ;oj r €id 
No. of Observations 
Degrees of Freedom 
L.n Ielh) 
[_'n ( '.,1 ) 
L.n ( !"I ) 
L,r"; .: T) 
O • .1. t.JBL1'O 1 f~ 1 () 
O. '739t~::b61'3 
X CD£i?'f"'f i c i. f,~nt (1:» 
~:;td E'("-r' cd' CDf.'~f. 
1~149198127 0.183344739 O.73020566~ 
0.131619300 0.127842855 0.173609272 
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REGRESSION CONDITION IS: 
First Independent Variable is: 
~:::; I,~ C C) )i c:I I '('; d f::! P E~ t', d I:? "(', t \) i::! 'j'"' i 2.\ b 1 E' i ~,:, ~ 
endent Variable is: 
is Constant: 1000mm/s 
Regression Output: 
L'(', 
L'n 
Ln 
( dh ) 
(H> 
( L. ) 
Constant 0.500174484 
F:: U i,\ ';'" F:.\ d 
No. of Observations 
:;~ 0"1" Fr'(;:E!cic:.m 
L C) C :1, G) 'i"l'f,: ( !::" ) 
~3td E'i'T o'f CI:!€,"f. 
0.OD7019l j,77 
O. 7b9Ec~lOE~HO 
:1, () 
''/ 
0.506939859 0.413958973 
0.147280871 0.230201828 
REGRESSION CONDITION IS: 
First Independent Variable is: 
F:)1,;!co'(,d IY-ld!1:::p£?'I'ldf?nt \"l'::I'(-i.:.\bli::? if;,,: 
Dependent Variable is: 
Speed is Constant~ 
C: () ';"'j !oi t iiI rl t 
!::l t cj E j'" j- () 'f V E ~o; '1'.: 
r-:;: i", 'j''' I:'? c:l 
No. of Observations 
Degrees of Freedom 
OL.\tput~ 
Lr"l (dh) 
1.. .. '1'1 (H) 
L.'n Cf) 
-,-:l n 8f24E1h80'7 
0« 1 ;:I,~:)l+7El6:':iE~ 
(> • G:lL,El f1.:l ~5:1. ~,it~J 
1 () 
:~: Co i'"' -r '1" j, c: :1 1:::' rd; ( ~:; ) 
Ei'l;c:1 CrT of CC'E~f. 
1.2:1.5157964 0.542062749 
0.246223295 0.384850065 
150 
TABLE A.4.1 (8) 
REGRESSION CONDITION IS: 
First Independent Variable 1S: 
Socond Independent Variable is: 
endent Variable is: 
Speed is Constant: 1500mm/s 
Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of Ob~er ations 
ees of Freedom 
Ln (dh) 
Ln (H) 
Ln (L) 
-1.96296145 
0.084758710 
0.806403665 
10 
~ 
/ 
X Coefficient(s) 
Std Err of Coef. 
0.693011168 0.832681156 
0.146611270 0.189370820 
REGRESSION CONDITION IS: 
First Independent Variable is: 
Socond Independent Variable is: 
Dependent Variable iSI 
Speed is Constant: 1500mm/s 
ression uutput: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
Ln (dh) 
Ln (H) 
Ln (T) 
-5.27163381 
0.100204739 
0.921363394 
10 
7 
X Coefficient(s) 
Std Err of Coef. 
1.556111543 1.109023486 
0.173329019 0.223880869 
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REGRESSION CONDITION IS: 
First Independent Vari8ble is= 
Second Independent Variable is: 
endent Variable is: 
Speed is Constant: 2000mm/s 
Regression Output: 
L:n (dh) 
L.r·1 (H) 
L .. r~s J: L. ) 
Constant 0.500174484 
Std Err of Y Est 
I::;: 3qui::\n~:cl 
No. of Observations 
:DE?q ... -nf:)~:; {)·f Fr t::~F.:dom 
() u ()8~?() 1 ciJ~rr}'? 
() 1# '7i:}C}fJ~1(}r~E)() 
lO 
'} 
0.506939859 0.413958973 
0.147280871 0.230201828 
REGRESSION CONDITION IS: 
First Independent Variable is: 
Second Indopendent Variable is: 
Dependent Variable is: Torque-
eed is Constant: 2000mm/s 
Regression Output: 
L..n (dl"'I) 
l...·\ .. 1 (H) 
I_.n ('T') 
Constant -1.82486807 
Std Err of Y ~st 0.145478652 
R Squared 0.842215158 
No. of Observations 10 
:C)eqr'::t:::~~ o-f Frf:::i?dorl'l '7 
>: Ccq;::'f'j" i c:i. {,;:';"; t ( r.:;) 
!:)td Err [,'f [;00:')''1''. 
1.215157964 0.542062749 
0.246223295 0.384850065 
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REGRESSION CONDITION 
First Ind8pendent Variable is: 
Second Independent Variable is: 
Dependent Variable is: Load--
Speed is Constant: 2500mm/s 
Regression Output: 
Ln (, dh ) 
L.n (H) 
L.n (L) 
Constant -1.96296145 
Std Err of Y Est 0.084758710 
F: E,qL\'~:I'('f2d 
No. Df ObservatiDns 
Degrees of Freedom 
o. 
10 
X C:c<E"f'f:1. C i "':'"("1 t ( :.;:.) 
13 t d E:-r 'r' cd" CD !:.:'f • 
0.693011169 0.832681156 
0.146611270 0.189370820 
REGRESSION CONDITION IS: 
First Independent Variable is: 
Second Independent Variable is~ 
Dependent Variable is: Torque--
Speed is Constant: 2500mm/s 
Regression Output: 
Co ri S~, t "\ rd.: 
Etcl r:~'I"r of V C,,:.t 
F:: S:: q Ui"n" {;;;, d 
ND. of Observations 
Degrees of Freedom 
L'ri ': i:Jh ) 
l._·n (H) 
l._n (T) 
O. 1 >:)0;.:'O'+7::l9 
(1 " 9EJ.13,b:3:39 t{. 
10 
>< C:o{O"f'f i c:: i (;,,'nt (~;,,) 
f~; t t::I E·, .. '1- C< 'f [' c< E~·f • 
1.556111543 1.109023486 
0.173329019 0.223880869 
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REGRESSION CONDITION IS: 
First Independent Variable is: 
Second Independent Variable is: 
Dependent Vari~ble IS: Load--
Regression Output: 
Con ::'", t: 2', 'n t: 
Std Err of V Est 
F: EqUii:ir'E~c:1 
No. of Observations 
Degrees of Freedom 
L.rl (dh ) 
L,n (H) 
L..n n,,,) 
() Ii {:<::j 16:i E~7S)f~ 
() .. ();~l7l+ l ~,:;t7r;}3 
O. c/91 E~8L+B<~7 
to 
X CClef"f i. c i E'rd~ (f::,) 
Ht:d Err" o'f CC,t:::'f. 
1.063812778 0.258150717 
0.054851502 0.066041971 
REGRESSION CONDITION IS: 
First Independent Variable is: 
Second Independent Variable is: 
Dependent Variable is: Torque--
Speed is Constant: 
Regression Output: 
C:on:2, tc:'< fIt: 
Std Err of Y Est 
F: f3 q L\ C"', r" s-d 
No. of Observations 
Degrees of Freedom 
Ln (c:Ih) 
Lr'; (H) 
:t It f3r~96E{:::{51-::;f:'i 
o. 1 [~:::l20;SO 19 
10 
1'''' / 
X Co f'.: 'f 1" :i. c: i f::nt.; ~~,) 
f~)!:,d crT O'f C;{::<£:.>i:'. 
1.303570255 -0.12171972 
0.246499719 0.296789087 
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REGRESSION CONDITION IS: 
First IndEpendent Variable is: 
Second Indepondent Variable i5= 
D~pendent Variable is: Load 
Co 'n !;; t EI ri t 
Ste! Err of Y Est 
I::;: E:; q u ;:;\ 'j'« £~ d 
No. of Observations 
Degrees of Freedom 
:::l500mm/s 
Output :: 
L.n (dh) 
Lr, (, H) 
L.r'\ {L) 
'-E~ 11 f~{)9\~):':~;\~) TjLt 
O. 07i.?E::D 1. c::,'+'7 
o. cn:A321-1111 
to 
"1 
J 
>: CD t:;~'f'f i c: :1. f;;'j"', t.: ( ::,; ) 
F~td Er"Y" 0'1" Coef. 
1.421253272 0.812864652 
0.118560458 0.155519408 
REGRESSION CONDITION IS: 
First Independent Variable is: L,n (dh ) 
Second Independent Variable is: L'n (1-.1) 
Dependent Variable is: Torque-- 1.., n en 
Speed is Constant: 3500mm/s 
Regression Output: 
Constant -7.48535117 
Std Err of Y Est 0.125277555 
K ~quared 0.893791367 
No. 0'1" CJb!:::,E\rv':il'l~iorls; 10 
DE; (;) 'j''' f:1 i;:l !E. t',' 'f F 'r' l'.;' e d c:, rn 7 
X CD(:.~'f·f:J, c i (,;:'Td.: (s:.) 
Ftc! Err' cd' CDt?':f. 
1.339419120 1.582112149 
0.205487353 0.269544095 
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RESULTS OF THE DATA ANALYSIS OF 
EXPFF: I j"1Et·rr (;,:~;. 
RESULT OF ANALYSIS OF RELATIONSHIP BETWEEN 
LL\(::!D i~'il\II) TDPGHJE ~ 
Independent Variable is: LC<Etd (VI\I) 
Tc,r'qU(,2 (1<~1·1"1) Dependent Variable is: 
TREATMENT CONDITION: 
Moisture Content= 
Compression Level: 
Average Hardness: 
Co n!':; t ;;;\,''It 
S;f.:d EI"')- of Y E::s'b 
r;: Eq u .::\ j' ;,::c\ 
No. of Observations 
r-f":E:::',; cd" FrE(;::·dc)m 
:;( COi:':'Y'j" i c: j E'Tl t ( !F~, ) 
Etc:i Er"(' cd" ee,!?f" 
J:1 "~iY; ..... :1l+. ;:iy" 
1 .. - 2 ..\.5 mit"; 
~:;% _... E~()if-
E~ 1 ~~I u t"2C) 
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THE V~RIABlES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: 
Second Indep~ndent Variable i5= 
Third Independent Variable is: 
:0 p P ,,,) n cJ f? 'Iyt: \j i~\ 'j" i 5:, b 1 12 ~ I .... CHH:! L.'f": ( L. ) 
CD r", !:~ t ;".1 n t 
Std Err of Y Est 
F F;qu i;'\·(" !:'2d 
ND. Df Observations 
;'" f::·:·f::~::;:.. ()'f F' r t~:,t?:d c, In 
Compr'E!s;si c,'n 
1",1,,', r r.1 ne.\,~~!,"· 
:=:;p€:IE:cI : 
:L >l '7E1E{ t {~}C)lL+ 7 
() 11 (}~:.;89~:'1'7~~~r? 
~) .. C,? ~5 .:::.:~ ~? ~3 E:~] :) 
Lr"! I, dh ) 
Lr'!(H) 
L '(-I ,; ".) ) 
X Co!:;:ft' i c:1. f"''i'lt (Si.) 
Etc! EY'''(' cd:' [:OE'''V. 
0.53778510 0.00387661 0.09579261 
0.01963786 0.11063699 0.02157127 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compr~ssion 
S0cDnd Independent Variable is: Hardness 
Third Independent Variable is: Speed: 
Dependent Variable= Torque Ln(T) 
C:onsti:,',tlt 
Eitd Frr 0-1" \( [::s,'I:. 
F; bqU,;:,)"'f.0d 
Nc. of Observations 
Degrees of Freedom 
--() '" '7()r"?E?::!(>5 
o , 1 O':;)c?~5ElO 1 
() II 9 ~~ I~i: ::~ t3 7,:'~l.t- :3 
ifE:! 
3£\ 
In':dh) 
L.n(H) 
i""'n ( \) :> 
X CDf~'f'f i c:: i f,i'i"l t: ( !;:. :> 
Etd E's""(' l)'f CC'12f" 
o u <:?t36/'llf1.:i30 --0 .. OBt1.S<S~31 0" :;3094\L~:::l3:::J 
0.03640434 0.20509696 0.03998845 
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First Independent Variable is: Compression Ln(dh) 
Second Independent Variable is: 
endent Variable= Load Ln(L) 
Hardness Ln(H) 
1000 mrn/ ~,; 
C::: Ct .C'~ i:::, t i,\ 't'j t 
E:t:c:1 E:ri"' o-P' 'V Es:.t 
F;: Equi:''.'f''e",d 
No. of Observations 
)'" ~?",: !,", D'f F 'I''' E~ (';>ci C< in 
X [:0 €·;:·f'f :i, c: i i;:.,n t ( ~::;, ) 
E:;t:r.:I [Y"Y" c,'f COI,::::f. 
O. O'},?71 E!!3(~! 
o • 9 t+7:t ::i:3;,~)::; 
'/' 
0.55656638 0.16105772 
0.08948693 0.50859200 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent VaY"iable is: Compression Ln(dh) 
Second Independent Variable is: Hardness Ln(H) 
Dependent Variable: Torque Ln(T) 
1000 mm/~ii 
Cons;t",i'nt 
Std Err of Y Est 
F: ;::;quE\ 1'- E'cj 
No. of Observations 
ef,:!f" of Fl'-e:'E'ciom 
X [:CI(:;;: f'f i c .i. (:;:''1) t ( ,,; ) 
Etc! E:rT cd" CI::«,:;,'f. 
::~~ 'I 1 ~:5 () t.-; £ll:J ~5 f? 
() .. 1 ()E!~? t-J c.:~ t.:1 0 
() .. <:? t"? (~;I t) I} cl () f~ 
1.13347487 -0.2467295 
0.11833195 0.67253039 
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THE VARIABLES OF REGRESSION ANALYSIS ARE: 
~. "H' .~ .. ....... _ ............... _0" •• _ M .... N' ..... N •••• _ ...... __ 0 ' .. _ .... _._ .... , _ ............. N_ •••• _ ••• ,'._ ._ ....... ON _ ...... ,,_. _,_, • __ • __ ....... _. ,,_ .. 0. 
First Independent Variable is: Compression Ln(dh) 
Second Independent Variable is: Hardness Ln(H) 
Dependent Variable: Load Ln(L) 
Speed= 1500 mm/s 
Std Err of Y Est 
F: ~::~ Cj loll i::{ '(' E'd 
No. of Observations 
Degrees of Freedom 
:\ C: [i c"f ··r i c: i. (:::' '(1 t ': !':;. ) 
f,::tc:i ['r'r' c·r Co~:?f. 
0.57060521 0.23777677 
0.04037939 0.18231866 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compression 
SecDnd Independent Variable is: Hardness 
Dependent Variable: Torque LnCT) 
1','500 rnrn /~:. 
nEEl...iL. T:::.~ : 
Regression Output: 
Constant -1.96623~1 
~~; t d E 'r' 'r' 0 'f V E I,; t; 
j::;: ~:; q \ .. i ii,l t· (:! d 
No. of Observations 
Degrees of Freedom 
X COi-::'f'f i. c: :'l e'nt >: s,;) 
S t d F: r' (. c. of C Co ",,··r .. 
1.10319009 0 .. 53966228 
0.06498480 0.29341559 
l. .. t'j ': ell"j ) 
L.·nO:H) 
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THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: 
Second Independent Variable is: 
Dependent Variable: Load Ln(L) 
~:;t!;j r::Y"r o'f Y E!,;t 
F: ~:;qu':;irt'~d 
No. of Observations 
Degrees of Freedom 
L~ Ct rn p r' f:::' ~s·~. i D r"1 
H ",1'1" cI r'll::?~;!;:, " 
~5 tJ () t:; /~ (} &.~ t) c,' '7 
() II ()l+r:i~5e)f+ 1 E~ 
1"'1 
i 
:x CCH'.'?'f'Y i c: i i:":'nt \ r;;,) 
Std Err of Coef. 
0.52517590 -0.4713130 
0.04050347 0.29552239 
THE VARIABLES OF REGRESSION ANALYSIS ARE= 
L"I'"I(dh) 
l.,'n ,; H:: 
First Independent Variable is: Compression Ln(dh) 
Second Independent Variable is: Hardness Ln(H) 
endent Variable: Torque Ln(T) 
C:~ () " -1 ~!:. t: i;;\ )~~ t 
Std Err of Y Est 
F;~ Slqu,:;\rs,d 
No. of Observations 
Degrees of Freedom 
::( [:cH:d"f 3. c i t:,·)'d~ ( ill; ) 
btc:l [i"T of CClE.~f. 
:3 " 82211 ~3E':t 
() " j, fiE«)!5071 
() v cJ~:i~5f.~{~()\~Jl;. 
0.96660332 -0.4925672 
0.10464206 0.76349195 
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THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compression Ln(dh) 
Second Independent Variable is: Hardness Ln(H) 
Dependont Variable: Load Ln(L) 
Speed: 2500 mm/s 
Coni;:, t 2\'('1 t 
E;t:d Err o'l" V F~:;,\; 
F: E,qui;,ir'c,c! 
No. of Observations 
Degrees of Freedom 
)< C()(~,'f'f i c:: i E~rd,: (~;;,) 
Etd ElH'\- cd~ CC1\?.:f» 
H-O. tf 171 :':\l+7 
(l" (1/+311 LI,::l1 
o " 9FElE~DE!O 1 
'7 
LI' 
0.51380479 0.55976415 
0.03648056 0.26221786 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compression LnCdhl 
Second Independent Variable is: Hardness Ln(H) 
Dependent Variable: Torque Ln(Tl 
CO'f"I::~t"",nt; 
G t: d E? '(" j- c. 'I" YEs:, t: 
F~: E~ q U c:t';,· E?d 
No. of Observations 
'(' E:' E' ~~" D 'f F 'C' (,? Ii? d Ct f1i 
x Co ,::.,'r'Y i I;~ :i, €:)n t ( t::; ) 
Std Err Df Coef. 
o. :I. 1 ():1. 757 t,.C? 
~) u (:'1':':\:3:3 ~~~ ~:3 ~5 () 
i", 
0.92128192 0.01361498 
0.09320820 0.66996924 
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TABLE A.4.2 (7) 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compression 
Hardness Second Independent Variable is: 
Dependent Variable: Load Ln(L) 
Speed~ 3000 mm!s 
RESULTS: 
Constant 
Std Err of Y Est 
r uared 
No. of Observations 
DEgrees of Freedom 
X Coefficient(s) 
Std Err of Cosf. 
6.26990981 
0.03442374 
0.98926857 
7 
4 
0.61648116 -0.7015380 
0.03816189 0.21305920 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compression 
Second Independent Variable is: Hardness 
Dependent Variable= Torque LnCT) 
eed~ 3000 mm/s 
RESULTS: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coef. 
3.97854526 
0.10335582 
0.9tA00868 
7 
4 
0.92820673 -0.4738024 
0.11457946 0.63970110 
Ln(dh) 
LnCH) 
Ln(dh) 
Ln(H) 
162 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independ8nt Variable is: Compression LnCdh) 
Second Independent Variable is: Hardness Ln(Hl 
Dependent Variable: Load Ln(L) 
Speed: 3500 mm/s 
Co n:,'2, ti.':l )') t 
Eitel Err' of \ i:::l;::,t: 
f~: t:kP"i c,:\ Y" f~ cl 
No. of Observations 
Degrees of Freedom 
X Ci:)t,~ff i c: i f::·r-d; ( E) 
btd E')"'.,.. r:.f COfilf. 
c'? " t.\ ~3 :;:~ t..' ~i l:;) ~5 ~') 
o ,,09ll,C:~91 ci:;3 
0.52449916 -0.0169903 
0.08202465 0.64120805 
THE VARIABLES OF REGRESSION ANALYSIS ARE: 
First Independent Variable is: Compression Ln<dh) 
Second Independent Variable is: Hardness Ln(H) 
Dependent Variable: Torque Ln(T) 
3~500 rnm/s 
Cor'; c;;. t;':;1 n t 
Std Err of Y Est 
F: Equ",'\r'f:~d 
No. of Observations 
Di~i;Jl"C:1E'~:;;' of F:j"'i"~{",'dom 
X Cnf!!.·'f'ficic£·Y"lt(l::,) 
Stc! E's''',.' 0'1" Co (::f • 
o . :"i:l El149::,;B 
0" :I. E~Bt,\07f.lE~ 
'7 
4 
0.90038747 0.21869340 
0.11187607 0.87456439 
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